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ABSTRACT
This dissertation covers the separation of 
proteins via recuperative mode pH parametric pumping. 
Continuous pH parametric pumping separations using 
the model system haemoglobin and albumin on a 
CM-Sepharose cation exchanger have been experimentally 
and theoretically investigated.
The pH parametric pumping system has a feed 
containing the protein mixture to be separated, 
introduced alternately to the top and bottom of the 
column. The top and bottom products are withdrawn 
from the apparatus during the bottom and top feed, 
respectively. Both equilibrium and nonequilibrium 
cases were considered, and theoretical results 
agreed with the experimental data.
Buffer concentration, flow rate, reservoir 
displacement, and feed volumes have been found to be 
important in determining the pH parametric pumping 
performance. Many proteins are processed batchwise. 
Parametric pumping as described here offers the 
possibility of continuous processing, It is shown that 
under certain conditions, the pH parametric pumping is 
capable of achieving high separation. Moreover, the 
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Parametric pumping is a cyclic separation process. 
It has attracted considerable attention both because of 
its novelty and the possibility of continuous operation 
in small equipment with high separation factor. Much 
experimental and theoretical work has been done on 
thermal and pressure parametric pumping. Included are 
the studies of Wilhelm (1966,1968,1969), Aris (1969), 
Gregory and Sweed (1970,1971,1972), Butts et. al.(1972, 
1973), and Chen et. al.(1971,1972,1973,1974,1975,1976, 
1977). By contrast, very little work has been done on 
pH parametric pumping.
In this thesis, pH parametric pumping is extended 
to protein separation, involving the reciprocal flow of 
the protein mixture to be separated through a bed of ion 
exchanger and, simultaneously, synchronous cyclic 
variation of the pH. The change of pH affects the 
position of interphase equilibrium. Cyclic variation of 
flow direction causes preferential movement of the 
sorbable components of the mixture towards one end of 
the bed, leading to a buildup of the separation from 
cycle to cycle.
Continuous separation of a haemoglobin-albumin-CM
2
Sepharose system via pH parametric pumping was 
experimentally investigated. Pigford (1969) and Aris 
(1969) greatly simplified the theoretical analysis of 
parametric pumping by using equilibrium theory, which 
assumes that local equilibrium exists between the 
solid and the liquid phases and there is negligible 
axial diffusion. In practice, the rate of mass 
transfer is so significant that local interphase 
equilibrium does not exist. Because of the equation 
complexity, an analytical solution to the nonequilibrium 
case is not possible, and a numerical solution must be 
employed.
A mathematical model is presented for pH 
parametric pumping using expression for the mass 
transfer rate and equilibrium constants obtained by 
simulating the specific experiments. The stop and go 
computational algorithm is used (Sweed 1969) to obtain 
numerical solutions for the model equations. If the 
mass tranfer rate is so large that adjacent solid and 
liquid are always in equilibrium, a simple graphical 
method (Chen et al, in press) was used to verify the 
results analytically.
A new circulation process is developed to ensure 
perfect pH change in the column. The effects of the
3
parameters on the separation were discussed in detail 
both theoretically and experimentally. The calculated 
results are found to be in good agreement with 
experimental data. The operating conditions necessary 





Parametric pumping represents a new separation 
process which utilizes the coupling of periodic 
changes in equilibrium conditions caused by periodic 
changes in some intensive variables, such as gas 
pressure, solution temperature or solution pH and, 
simultaneously, synchronous cyclic variation of flow 
direction to separate a mixture which passes through a 
solid adsorbent. Change of the intensive variable 
displaces the equilibrium distribution of these 
components between phases and, in combination with the 
reciprocating flow, causes preferential movement of 
the distributing components toward one end of the bed, 
leading to a buildup of the separation from cycle to 
cycle. Before discussing the parametric pumping in 
detail, it is desirable to describe some of the other 
cyclic separation processes.
The conventional separation technique is batch 
process (Helfferich 1962) involving two phases in a 
fixed bed. One phase moves unidirectionally relative 
to the other. The variable such as pressure or solution 
temperature was held constant during the operation. A 
new cyclic separation process was developed (Skarstrom 
1959), using the cyclic variation of a thermodynamic
5
variable(pressure, temperature, and concentration etc.) 
to force the separation. The process has two steps: an 
adsorption step followed by a desorption step and then 
the process would be repeated until the steady state 
is reached.
Skarstrom(1959) invented the heatless or 
pressure-swing adsorption for gas system based on a 
pressure cycle. The process is shown in Figure 1. A 
solute from a gas stream was adsorbed at high pressure 
and desorbed at low pressure,and then purged from the 
bed using a fraction of the high pressure product 
stream. Two columns were used, one for the high 
pressure adsorption and the other for the low pressure 
adsorption. After each half cycle, the flows were 
switched and the operation repeated, restoring the 
beds to their original condition and completing the 
cycle. The process worked because, during the high 
pressure period, the solute concentration in the gas 
phase was high and the driving force was from the gas 
to the adsorbent bed. When the bed was exposed to the 
solute-depleted low pressure gas, the direction of the 
driving force was reversed and the solute desorbed 
from the bed. Heat was not required because the 
cycles were very short and the heat of
6
adsorption remained in the bed and was available 
for desorption. The process is commercially available 
for drying air over a silica gel bed. (See Figure 1)
Alexis (1967) applied heatless adsorption to 
purify low-grade hydrogen streams. Alexis presented 
an improved version of Skarstrom’s two bed system, 
which used three adsorbers in parallel and before 
each adsorber to remove heavy hydrocarbons. The 
third adsorber is used to depressurize the bed that 
just had finished adsorbing, and thus increase the 
hydrogen recovery.
Katira et al. (1971) used the heatless 
adsorption to optimize an even more complicated 
pressure swing adsorber for hydrogen purification.
This patented system contained four beds in parallel 
and had two internal recovery steps. The feed stream 
containing 98 mole % hydrogen and 2.0 mole % methane 
was introduced to the system at pressures ranging 
from 150 to 400 psig and produced a 99.999 mole % 
hydrogen product. This process was thus used to obtain 
a much purer product than that obtained by Alexis ( 
1967). Activated carbon was found to be the most 
economic adsorbent for this separation. The economic 
optimization performed for this separation















showed that the ratio of purge gas flow to 
feed gas flow should be kept as low as possible 
without decreasing the product purity.
Operation should be fast, with a total cycle time 
of less than 8 minutes (each column adsorbs for 2 
min). Neither experimental results, nor calculations 
of bed concentrations and product concentrations as 
a function of time, were presented.
Lee and Stahl (1972) compared a series of 
patented pressure-swing processes for producing 
oxygen rich gas from air. The different processes 
use a different number of beds, change the cycle time 
around, and use different adsorbents. The most 
economic process will depend upon the separation and 
the objectives of the separation.
Turnock and Kadlec (1971) and Kowler and Kadlec 
(1972) modified the heatless adsorption process 
utilizing the feed turn-off and column exhaustion at 
the feed end after the high pressure feed stage, 
product was withdrawn continuously from the other 
end. The basis of the separation was the same as
before adsorption of solute from the high
pressure gas and purging the solute from the bed 
with a portion of the solute-depleted gas as
9
exhaust, the remainder of the solute-depleted gas 
leaving the other end of the column as a steady 
product stream.
Despite the commercial success of heatless 
adsorption, the process was complicated and difficult 
to model. A mathematical model developed by 
Shendalman and Mitchell (1972) incorporated the 
assumptions of local equilibrium, linear adsorption 
isotherms, and no axial dispersion, this model showed 
the importance of a high purge to feed ratio and was 
in reasonable agreement with experimental results at 
high ratios. When mass tranfer was taken into account, 
the prediction was conservative. Turnock and Kadlec 
(1971), Kowler and Kadlec (1972) changed the linear 
adsorption isotherms to a more complicated so called 
Freundlich isotherm. The predicated result was in 
good agreement with the experimental data. Reason for 
the good agreement could be the assumption of a non­
linear isotherm and the inclusion of the 
depressurization and repressurization steps in the 
mathematical model.
Since pressure changes have little effect on 
liquid system, temperature and concentration have 
been used for both liquid and gas systems, 
concentration changes have been used commonly in
10
batch process. Less study has been done in cyclic 
process, included are Thompson(1961), Reilley(1962), 
and Broughton(1968). Thompson developed'a 
continuous chromatographic process where the feed 
concentration in the carrier gas was varied . ' . .
sinusoidally instead of being fed as a pulse. A 
laboratory-scale model of one stage;of the proposed 
process is described and results are presented for 
separations of synthetic mixture of hydrocarbon gases. 
Reilley et al. (1962) developed a series of equations 
based on a simple theory to describe the shape of 
chromatographic curves in terms of the mode of 
sample injection. This principle is used to develop 
useful parameters to describe step chromatography 
curves„ and comparison is made to the corresponding 
parameters of impulse chromatography curves, The use 
of various input functions leads to many response 
shapes, thus considerably broadening the scope of 
gas chromatographic techniques. Applications of 
various sample input profiles to quantitative 
analysis, preparative chromatography, the study of 
column phenomena, and the monitoring of industrial 
process streams are discussed.
Broughton applied the technique to the
11
separation of normal paraffins from other hydrocarbon 
types by adsorption on five angstrom molecular 
sieves. The flow arrangement simulates a continuous 
countercurrent flow of liquid and solid phases 
without actual movement of the solid. ( in the usual 
fixed bed adsorptive process, the feed stream is 
discontinuous)
To our knowledge, the most widespread use of 
cyclic separation has, thus far, been in the 
temperature field, temperature has been effective 
because it can easily be applied and removed 
externally. The recent study of cyclic processes was 
stimulated by the development of ' Cyclic Zone 
Adsorption. ' by Pigford et al, (1969) and by the 
invention of 1 Parametric Pumping.' by Wilhelm(1966). 
Pigford (1969) presented the basic principle and 
operation technique for the cyclic zone adsorption. 
Consider the fixed-bed process in which a fluid 
having a constant solute concentration, Yj,, is passed 
into a bed of solid particles. The system is held at 
a constant low temperature, T^, After a long time, 
the effluent solute concentration must eventually 
become Ŷ ,. If at this time, the temperature is 
raised to Tjj, solute which was previously stored on
12
the solid is now expelled into the fluid; the 
effluent has a solute concentration ^ for some 
time,depending on relative volumetric ratios of fluid 
and solid and the equilibrium distribution 
coefficient. Finally, the concentration returns to Y^. 
Now, if the temperature is decreased back to Tc, the 
solid takes up solute from the fluid, and the depleted 
effluent solute concentration becomes Y^QW. After a 
certain period, the solute concentration again 
returned to Y^ and the cycle is repeated. It can be 
shown that the process has an optimum cycle time 
which depends on the time of passage of a wave of 
fluid concentration through the bed.
The type of operation illustrated is referred 
to as a single-stage or single-zone process. The 
separation can be improved considerably, however, by 
operating two or more single zones in series, the 
temperature changes in each zone being a half cycle 
out of phase with those in the adjacent zones.
There are two modes of operation of cyclic zone 
adsorption process: The standing wave operation of 
cyclic zone adsorber in which the bed is heated or 
cooled by transferring heat through the wall 
surrounding the bed; the travelling mode of operation,
13
the temperature of the feed solution entering the 
packed column was varied periodically. First, the 
high temperature feed solution enters the top of the 
column, a solute from the feed was absorbed and held 
hack as the solution moves down. The feed solution 
was then switched and the low temperature feed was 
introduced to the top of the column, the solute was 
desorbed and moves down the column with the flowing 
fluid. By repeating this pattern of hot and cold 
cycle, a concentration wave pattern is generated in 
the bed and, eventually, cyclic steady state dilute 
and enriched products were taken out at the bottom 
of the column. See Figure 2a and 2b.
A detailed discussion of the experiment and 
theory was followed by Baker and Pigford (1971). 
Consider the process in which a fluid having a 
constant solute concentration, Yp , the temperature 
of the bed is cyclically altered, either by heating 
or cooling the walls as in the standing wave mode, 
or by using a pre-exchanger to heat or cool the 
input stream.(traveling wave mode) As explained 
before, cyclic changes in the effluent concentration 
are obtained; these changes can be amplified by 
using a series of such columns. (Multiple-zone 
operation. See Figure 3a and 3b)












Figure 2b Traveling-wave Mode of Operation
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Figure 3"b Multiple-zone Traveling-wave Mode
Pigford et al. (1969) presented preliminary 
results from four experiments. These were a standing 
wave single-zone separation of methane from helium, 
single and double-zone standing wave separations of 
acetic acid from water, and a single-zone traveling 
wave of acetic acid from water. As expected, the two 
zone system produced a larger separation than a 
single zone.
Pigford et al. (1970b) applied a simplified 
theory based on the equilibrium theory of parametric 
pumping (discussed in detail later in this chapter) 
to explore the standing wave mode of operation. Baker 
and Pigford (1971) showed that the direct or standing 
wave mode could be considered a traveling wave mode 
with an infinite thermal wave velocity. This 
condition leads to the solution for both mode 
simultaneously. If it is assumed that at any point 
in the column the solid and fluid phases are in 
equilibrium, and that axial diffusion and heat of 
adsorption effects may be neglected, the heat and 
material balances over each phase,which have been 
simplified using the above assumptions, become
17
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uth « V/(1 + d-o()(j>sYs(i-e) t/pYj, )
is the velocity at which a thermal wave advances 
through the column.
The equilibrium between the solid and liquid 
phases is represented by an expression of the 
Freundlich isotherm:
The simplified energy balance can easily be 
solved for given initial and boundary conditions. 
The prediction is that a temperature wave will pass 
through the column at a characteristic thermal wave 
velocity without changing shape or amplitude. The 
simplified mass balance can be reduced to two 
ordinary differential equations by utilizing the 
method of characteristics. For linear isotherms an 
analytical solution can be obtained which predicts
q = k.(Y*)m ; 0<m£l
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that the separation factor becomes infinite as the 
number of zones becomes very large. Nonlinear 
isotherms prevent the separation from becoming 
infinite. For the travelling wave case with linear 
isotherms, an infinite separation factor can be 
obtained in a single zone if the thermal wave velocity 
can be adjusted to be equal to or to lie between the 
velocities of the concentration waves at the hot and 
cold temperatures. When the thermal wave velocity is 
adjusted properly, all of the concentration waves are 
forced to exit during the hot portion of the cycle. 
Experimental separations of acetic acid from water 
utilizing activated carbon as the adsorbent were 
reported for one and two zone standing and traveling 
wave systems. The traveling wave system resulted in 
somewhat better separations even though the thermal 
wave velocity was much gretter than its optimum value.
Gupta and Sweed (1971) also developed the 
standing wave cyclic zone adsorption criteria for 
optimum separation by assuming linear adsorption 
isotherms and instantaneous equilibrium. With the 
assumption of nondispersive flow, constant solid and 
fluid density, radial uniformity, and steady plug 
flow the dimensionless fluid phase material balance 
is
19
aft <5*sv  ------------  +    +  =  0  ( A )
<3 z g t  9 t
where t = time, Z = axial distance, v = fluid
velocity, ej>f = fluid phase concentration, and <p s = 
solid phase concentration.
For the case of instantaneous local equilibrium and 
linear isotherms:
4>s = K ( T ) ( b )
where K(T) is the temperature dependent adsorption 
constant. Combining these two equations:
9<pr
V ----£_ + (1 + k(t) ) --- —  * o (c)
g z d  t
Defining Kc = K(TQ), and KH K(Tjj), we get
( ---------- ) ( — ^  )  + — 2X. =  0  (D)
1 + Kc 9 Z <3 t
when a zone is cold.
) ( J t L .  ) . . 0 (E)
1 + kh 9 z 9 t
when a zone is hot.
The solute moves a distance v/(1+Kc) in the
20
cold zone and a distance v /(1+Kjj) in the hot zone, 
after the temperature switched, the cold zone becomes 
hot and hot zone becomes cold. In zone 1, the 
temperature rise results in desorption of solutes, 
hense the fluid concentration increases by a factor 
( 1 + Kc )/ ( 1 + KH ). Similarly, temperature fall 
in zone 2 results in the fluid concentration 
decreasing by a factor ( 1 + K h ) / ( 1 + K q ) . A  
complete program was written to calculate the fluid 
concentration in different zones. After start-up 
transients disappear, regular concentration profiles 
are established in various zone. The result agrees 
with that of Baker and Pigfard (1971).
Vander Vlist (1971) applied the cyclic zone 
adsorption to separate oxygen and nitrogen from air 
on molecular sieve adsorbent.in the standing wave 
double zone mode. The solid adsorbent is linde 
molecular sieve type 5A with 45-60 mesh. Air having 
an oxygen Y1, is fed into a bed of molecular sieve 
particles. The column is held at a constant low 
temperature Tp. The molecular sieve preferentially 
adsorbs nitrogen from the entering gas, so the 
effluent gas is richer in oxygen. After the 
molecular sieve adsorbent is saturated with the 
oxygen in the fluid phase and the oxygen
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concentration in the effluent gas decreases to Y1, 
then the temperature is increased to T^, the 
molecular sieve desorbs more nitrogen than hydrogen. 
The oxygen concentration in the product gas 
decreases further to Y2. When the desorption is 
complete and the oxygen concentration increases to 
Y1, the temperature is brought back to T^ and the 
process is repeated. The maximum separation factor 
is 10.6 for oxygen.
Ginde and Chu (1972) discussed the removal of 
NaOl from water using a mixed bed of ion exchanger 
resins in a single zone cycling zone adsorber. Rieke
(1972) operated cyclic zone adsorbers in the standing 
wave mode without partial recycle.
Wankat (1973) extended the cyclic zone 
adsorption techniques to extration systems using a 
standing wave mode of operation to separate 
diethyamine from water using toluene as the 
stationary solvent. The theory of cyclic zone 
extraction in a stage system in the standing wave 
mode of operation is strongly based on the well 
known theory for countercurrent distribution 
established by Craig (1956). For the traveling wave 
mode of operation (Wankat et al. 1974), the theory
22
was similar to the standing wave mode with the 
addition of the equation of energy balance. Theory 
and experiment agreed qualitatively but not 
quantatively. Comparison with the direct mode results 
shows that if the thermal wave velocity can be 
adjusted to be close to the optimum value, the 
traveling wave mode of operation will result in 
larger separations.
Dore and Wankat (1976) used a low pressure 
liquid chromatography apparatus to study the 
multicomponent cycling zone adsorption in the 
traveling wave mode of operation with the pH value 
as the cyclic variable. The system ia glucose- 
frucose- water and DBAE- cellulose as the solid 
adsorbent. The discrete staged equilibrium model is 
applied to predict separation. The important 
experimental variables were studied induing the 
input and output pH waves, the cycle timing, the 
type of buffers used, the presence of sugar isomers, 
and the interaction between the sugars. The 
experimental results were in qualitative agreement 
with the theoretical predictions
Compare to the parametric pumping,'the dyelic 
zone. adsbrp.tioir has the disadvantage of the
23
inability to obtain a continuous flow of dilute and 
concentrated product streams. Furthermore, the cyclic 
zone adsorption has one less degree of freedom so 
that some flexibility may be lost.
The name Parametric Pumping was applied to the 
cyclic separation process by Wilhelm in 1966. The 
parametric pumping represents a whole new process 
in which the relative motion of the two phases is 
reciprocal and the variable is oscillate between fixed 
levels and coupled to the reciprocating flow. The net 
consequence of the coupling of alternating absorbent- 
fluid position displacement with the cycling of a 
intensive variable is a build of separation from cycle 
to cycle.
Two methods of transferring intensive variable to 
the packed bed have been used: the direct mode in 
which the intensive variable is transferred through 
the wall surrounding the bed and changed over the 
entire length of the column at once, and the 
recuperative mode utilizes the moving fluid to 
transfer the intensive variable.
The majority of the work on parametric pumping has 
used the temperature as the intensive variable. 
Temperature may be changed by changing the temperature
24
of a liquid in a jacketed column in direct mode.(-Fig. 4a) 
During each half cycle the bed is usually considered 
to be isothermal. Wakao et al. (1968) applied the 
direct thermal mode using a cold temperature of jPo 
and a hot temperature of 65^0 to separate benzene 
from n-hexane on silica gel. Separation factors( 
defined as the ratio of benzene concentration in the 
top reservoir to benzene concentration in the bottom 
reservoir) up to approximately 22 were obtained. The 
number of stages was estimated as the volume of the 
liquid in the column devided by the reservoir 
volume. The authors used a graphical solution of a 
staged equilibrium model to calculate separation.
The theory is found in good agreement with the 
experimental result when the height per stage was 
large.
Wilhelm and Sweed (1968) used the direct thermal 
mode to study the separation of toluene from 
n-heptane using chromatographic grade silica gel as 
the adsorbent. The largest Separation Factor is 
approximately 10 . Wilhelm' et al. ('1968) presented 
additional experimental results and expanded 
theoretical analysis- for the direct mode. The effect 
of phase angle between flow and heating cycles were 
also discussed. The recuperative mode of thermal
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parametric pumping use external heat exchanger to 
change the temperature of the fluid entering a hare 
column(Figure 4b). Wilhelm et al,(1966) presented 
recuperative mode thermal parametric pumping by 
removing NaCl from water on a mixed bed of ion 
exchanger resins. Cyclic pressure variation is 
brought about using the direct mode. Despite the 
successful operation of the pressure swing adsorption, 
the process is very difficult to model.
Parametric pumping has been applied to batch and 
semicontinuous and continuous systems. In the batch 
system, no product is removed during the process; in 
the semicontinuous system, products are withdrawn 
during the portion of each cycle, and in the 
continuous system, product streams are taken 
continuously both in upflow and downflow.
The direct mode of thermal parapump was first 
invented by Wilhelm et al,(1966) for the batch 
operation in which the fluid was pumped between two 
reservoirs located at each end of the column. In the 
typical direct mode of operation, the column is 
heated and the solutes desorbed and carried toward the 
top of the column with the flowing fluid. Then the 
flow is stopped, the column is cooled, and the flow is










Figure 4a Direct Mode Parametric Pump
Heater
Cooler
Figure 4b Becuperative Mode Parametric Pump
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reversed. The solute are adsorbed and held in place 
while the cold solvent flows down the column. The hot 
upflow and cold downflow cycle is then repeated and 
a wave pattern is generated that leads to the migration 
of the strongly adsorbed solute to the top of the 
column and the solvent and weakly adsorbed solutes to 
the bottom of the column. Depending on the operating 
conditions,,it is possible to obtain any desired 
separation split of the solutes between the top and 
bottom reservoir products.
A mathematical model (Wilhelm,1968) was presented 
in terms of material balance, rate equation, and 
equilibrium condition for the direct thermal parapump. 
The model uses the following assumptions:
1. The fluid and the solid phases have constant 
and uniform densities.
2. Bed cross section and fluid fraction are 
constant in time and uniform in position.
3. The packed bed may be modeled using the 
dispersion model with constant axial diffusivity.
4. The fluid velocity profile is flat ( plug 
flow ).
5. One dimensional flow.
6. Bed properties are radially uniform.
7. Film diffusion is the rate-controlling step.
8. The solute concentration is dilute.
Mass balance for the ith component in the fluid and 
solid phase contained in a differential section is 
expressed as:
5Y. BY. 3X. a 2Y.ev  i + + (i-£) i . £ j Q  1 = o — -
az st at a z
The rate equation for first order exploration is
ax. *
 i = 7V(Y. - Y. )St i x
The expression for interphase equilibrium is
* *. * *.
Y± - Y i (T-Y i -Y i >......................... .
Where j = 1,2,..........   n including i.
The first term of Eq.(1) represents axial fluid phas 
convective mass transfer. The second is interstitial 
fluid phase transient. The third term is solid phase 
transient and the fourth term is axial diffusion.
The equations together with initial and boundary 
conditions were solved numerically. The large
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separation is also demonstrated experimentally for a 
toluene-n-heptane mixture on silica gel.
The mathematical analysis of the batch pump was 
greatly simplified by the equilibrium theory 
originated by Pigford et al. (1969) and generalized 
by Aris (1969). The equilibrium theory postulates that 
the local equilibrium exists between the solid and the 
fluid. In addition, there in negligible axial 
diffusion. The resulting equations can be solved 
analytically. With the assumptions, equation (1) 
becomes:
9 y . aY. ax, ,6 --- —  + 6 V   i- + (1 -£) --- ±- = 0  (1 )
a t  a z a t
If the equilibrium relationship is linear,
X = K(T) Y (2’)
We can eliminate X by substituting Equation (21) into 
Equation (1'). We get:
9 Y . & Y . dK a T
(1 + K) + v -   .   Y (31)
a t  a z dt a t
Equation (31) is a hyperbolic partial differential 
equation which can be solved analytically by the 
method of characteristics. The characteristic lines 
can be used to show graphically the development of
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the separation. Pigford et al. (1969) fit the 
equilibrium theory reasonably well to those 
preliminary data of Wilhelm et al. (1968)
Gupta and Sweed (1973) extended the equilibrium 
theory of parametric pumping to multicomponent 
separations. A new parametric pumping process is 
described in which it is possible to cause certain 
solute to migrate upward in a chromatographic column 
while the other solutes migrate downward at the same 
time, thereby effecting separation. This new process 
uses a nonsymmetric flow pattern in the direct thermal 
mode operation. Separation can be predicted from 
algebraic equations developed under the assumptions 
of linear isotherms, no axial dispersion, and 
instantaneous local equilibrium.
Various open thermal parametric pumping systems 
have been studied. Horn and Lin (1969) suggested a 
parametric pumping process with center feed into a 
center reservoir and product withdrawn from the two 
end reservoirs. Gregory and Sweed (1970) assumed the 
local equilibrium, linear isotherms, and constant 
fluid velocity, analytical solutions for the direct 
mode of parametric pumping have been developed for a 
closed system and two types of open system. At
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limiting conditions the results for the closed system 
show all the solute to he removed from the bottom 
reservoir, and the top reservoir concentration to he 
determined hy the initial solute loading. Two open 
system in which the feed and product flows occur 
during different portions of each cycle. For hoth 
cabes three regions were defined for bottom product 
concentration; only one region has a limiting 
product concentration of zero. The condition that 
must he satisfied to obtain a limiting zero 
concentration is that the bottom reflux ratio ( 
defined as the ratio of amount of bottom product per 
cycle to bottom reservoir displacement) must greater 
than a limiting value dependent upon the equilibrium 
constants. The top reservoir concentration for the 
two systems are different. These two open system were 
also compared after being optimized f©r a specific 
objective. In a later paper (1972)/they considered 
separations by continuous, direct thermal mode 
parametric pumps where dispersive effects are 
significant. Five continuous parametric pumping 
systems were described. These continuous separations 
were accurately simulated using a computer solution 
of the partial differential equation model. The
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numerical solution of the model is then used to 
optimize each system and to examine process response 
to changes in operating parameters. Experimental 
verification of sodium chloride-water mixtures for 
two previous open systems (Gregary and Sweed 1970) 
were also presented.
Chen and Hill (1971) further extended the 
equilibrium theory to batch, semicontinuous, and 
continuous systems with the dead volumes in the 
reservoirs. In practice, some dead volume is always 
present. Two types of equations are needed in the 
calculation of the performance characteristics of 
the parametric pumps: internal equations and 
external equations. An internal equation is a solute 
material balance reflecting events occurring within 
the adsorption column. An external equation is a 
solute material balance on streams flowing to and 
from a reservoir considering the presence of any 
adjadent feed and product streams. .Three sets of 
internal equation corresponding to three regions 
depending on the relative maginitude of the 
penetration distance and the column height. One set 
of external equations, one for the top and one for 
bottom column external. Chen et al. (1972, 1973)
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presented details of the mathematical model, the 
analytical solution and experimental results using the 
model system toluene-n-heptane on silica gel adsorbent 
for the continuous system and semicontinuous system. 
They have shown that, under certain conditions, 
parametric pumping with feed at the enriched end of 
the bed have the capacity for complete removal of 
solute for one product stream and, at the same time, 
give arbitrarily large enrichment of solute in the 
other product stream.
In a comparison beween Chen's semicontinuous 
and Gregory's open system, Chen et al (1973) pointed 
out that open system with equal reservoir displace­
ment would correspond to a limiting case of no top 
product for the semicontinuous system. Chen et al(l974) 
further applied the equilibrium theory to dilute multi- 
component system. A thermal continuous parametric pump­
ing for separating multicomponent mixtures was 
experimentally investigated using the model system 
toluene-aniline-n-heptane on silica gel adsorbent.
Separations were predicted by treating the 
multicomponent mixtures as a series of pseudo-binary 
system. Each binary system consists of one of the
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splutes as one component and the common inert solvent 
as the other component. The net movement of 
concentration fronts through the adsorption column is 
found to he important in determining the pump 
performance. These solute for which the net movement 
is upward would appear only in the top product at 
steady state, the remaining solutes would appear in 
both the top and the bottom products. In the limiting 
case, when all solutes in a mixture are very strongly 
adsorbed or desorbed in a given cycle, it is possible 
for the bottom product to consist solely of pure 
solvent. Experimental results agree reasonable with 
the mathematical prediction.
Ghen and Manganaro (1974) extended the mathemati­
cal models previously developed to determine the 
optimal parametric pumping performance. The model 
system used is sodium nitrate-water on an ion retarda­
tion resin adsorbent. Emphasis is given on the 
operating conditions necessary to achieve high 
separation factors with the maximum yield.
Stokes and Chen (1979) presented simple scale-up 
equations for direct mode thermal parametric pumping 
systems. The equations are valid for dilute 
multicomponent solutions subject to equilibrium theory.
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The equilibrium theory usually applies to binary 
dilute solution at low flow rate or long cycle time. 
Many commercial processes, however, are not only 
multicomponent system but also have relatively high 
concentrations. In practice, we would like to choose 
a high flow rate to achieve the desired separation as 
quickly as possible. It is no longer reasonable to 
assume the existence of local interphase equilibrium. 
The effects of mass transfer become significant and a 
numerical solution of the basic material balance, rate 
equation and equilibrium expressions must be used 
to predict the non-equilibrium parametric pumping. 
Wilhelm (1968) et al, and Rolke et al, (1969) 
developed the mathematical model for the recuperative 
mode comprises the model equations (1), (2) and (3) 
used for the direct mode with an additional set of 
heat balances equations. Neglecting the enthalphies of 
mixing and adsorption, the heat balances on the 
section for both solid and liquid phases is;
T £ 9 f  + 9©f_ + aft. . 0 (4)
0 z S t 9t 0 z
and a lumped parameter representation of interphase 
heat transfer
The first term of equation (4) represents axial 
fluid phase heat transfer. The second is interstitial 
fluid phase transient. The third is solid phase heat 
transient and the fourth is axial heat diffusion.
The recuperative parametric pumping model 
equations included mathematical expressions for 
equilibrium, rate, mass and energy balance for both 
heat and mass transfer and were quite complicated. 
Sweed and Wilhelm (1969) developed the Stop-Go 
algorithm for the non-equilibrium parametric pumping. 
The partial differential equation is reduced to 
ordinary differential equation by using the method of 
characteristics.
The packed column is viewed as a series of cell 
with equal amount of fluid and gel.(Refer to figure 5) 
The ordinary differential equations are then solved 
numerically by flowing fluid from each cell to 
adjoining cell without mixing or interphase mass 
transfer (Go). Then, the solid and the new fluid in 
each cell are allowed to interact for a specified 
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describing the mass transfer (Stop). The stop and go 
method is then repeated sequentially cycle after cycle 
until a steady state is reached.
Sweed and Georgy (1971) applied the stop and go 
method to simulate the separation of NaCl from water 
using an ion retardation resin. Gupta and Sweed
(1973) employed mixing cell model to simulate 
nonequilibrium parametric pumping system. The cell 
model of a packed bed takes into account the effects 
of finite mass transfer rates and axial diffusion on 
nonequilibrium effect. For parametric pumps operating 
close to equilibrium, the cell model simplifies to 
yield a very fast method of computing parametric 
pumping separation. Examples are discussed for batch 
and continuous multicomponent mixtures separation 
systems.
Gregory and Sweed (1972) compared four open 
system and one batch system using the nonequilibrium 
theory and the equilibrium theory. The equilibrium 
theory predicted more separation than was obtained 
experimentally. As expected, the stop-go model fit 
the experimental data very well.
Chen et al. (1976a) studied the performance of
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nonequilibrium continuous parapumps for the case of 
NaCl separation from using an ion exchanger as 
adsorbent. A simple method for predicting the separation 
is presented. The internal and external equations were 
also needed in the calculation of the performance 
characteristics of the nonequilibrium parapumps. By- 
assuming plug flow, linear equilibrium adsorption, and 
dilute solution, and neglecting axial diffusion, the 
solute material balance were similar to the equilibrium 
theory with the addition of the rate equation:
at
A  ( y - y )
Y* = X/K(T)
The theoretical model was used to calculate 
concentration transient, and steady state separations. 
These values compare reasonably well with experiments.
The separation increases as the time 
interphase mass transfer increases and approaches a 
maximum value for equilibrium operation. Since the 
equilibrium model is a limiting case of nonequilibrium 
model, the nonequilibrium theory would be preferred 
over the equilibrium theory for process calculation 
and theoretical analysis. Much theoretical and 
experimental works have been done for the separation
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by thermal and heatless cyclic separation process.
Very little study has been carried on pH-parametric 
pumping.
A direct mode of pH parametric pumping could 
be envisioned using dialysis tubing to contain the 
mixture to be separated and surrounded by a cyclic 
pH solution. However, the transport through the 
tubing membrane would complicate matters. Parametric 
pumping via pH variation usually involves the 
recuperative mode of operation. Sabadell and Sweed 
(1970) first used pH change to concentrate aqueous 
solutions of K+ and Na+ using ion exchange resins. The 
process used was semi-batch mode. Before the run, the 
packed column resin voids were filled with pH=11.75 
NaoH, Kcl aqueous solution. The bottom reservoir and 
closed loop segment of the column were filled with 
low pH=3.0 aqueous solutions of same Na+ and K+ 
concentration, as in the top reservoirs and column 
voids. On the first downward cycle, aqueous Na+ and K+ 
solution, pH= 11.75, filled the column. The 
interstitial column fluid is pushed into the bottom 
reservoir, where it flow into the auxiliary titration 
loop. The fluid in the bottom reservoir is adjusted 
to a pH= 3.05.(see Figure 6)
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Figure 6 pH Parametric Pumping Apparatus Used By 
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On the next half cycle, the upward flow begins, 
the fluid in the bottom, low pH, reservoir is displaced 
back into the column void, simultaneously pushing the 
interstitial column fluid out the top of the bed. The 
fluid analyzed and then discarded. When the flow is on 
an upward half cycle, the fluid with low pH, rich in 
H+ , replaces some of the alkali metal cations, already 
fixed on the solid matrix during the previous cycle.
The overall reaction used in this pH parametric 
pumping is
RM + H .+ » RH + M +
where R represents the resin phase ( column packing) 
and M+ represents the exchangeable cations. Thus, at 
the end of an upward half cycle, the column matrix is 
filled with hydrogen ions, and the column voids are 
filled with aqueous solution rich in metallic cations.
During the downflow half cycle, the more 
concentrated solution moves out of the bed, and feed 
rich in 0H“ comes in contact with the resin packing, 
displacing H+ from the matrix via the reaction:
H+ + OH" ---- » H2Q
and fixing Na+ and/or K+ onto the resin. The net result 
of many of these cycles would result concentrating a 
feed solution in the bottom, low pH, reservoir, and
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thus f brought about- a separation of the Na+ and K+ 
from the feed.
Results showed the importance of ionic 
concentration on the ion exchange equilibria of this 
process and the mass transfer rates between the solid 
and liquid phases. Little effect of cycle time and 
feed concentration on separation. The maximum Separation 
Factor was only 1.84.
Shaffer and Hararin (1973) combined the affinity 
chromatography and parametric pumping to reduce 
trypsin concentration in aqueous solution. The column 
packing consisted of trypsin inhibitor chicken 
ovomucid, covalently bounded to Sepharose HB beads.
The system consists of a column, 2 reservoirs 
attached to each end. Top reservoir is maintained at 
low pH by a dialysis cell in which the enzyme misture 
was allowed to pass through the tube. While the 
Mcillvaines citrate buffer was circulated outside the 
dialysis tubes. The bottom reservoir, with high pH, 
is controlled simlliar to the top reservoir(Fig.7 ).
The packed column and top reservoir were filled 
with the same low pH aqueous-enzyme mixture while 
the bottom reservoir was filled with high pH aqueous- 
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cycle is defined as first a downflow cycle in which 
flow from the top reservoir through the column to the 
bottom reservoir, followed by an upward half in which 
flow was returned to the top reservoir from the 
bottom reservoir. In the upflow half cycle, trypsin 
is bonded to the solid packing matrix due to the 
favored trypsin retention by chicken ovomucoid in 
high pH aqueous solution. During the downflow cycle, 
trypsin is released, and pumped to the bottom 
reservoir.
Busbice and Wankat (1975) extended the cyclic 
zone adsorption technique to the separation of sugar 
by using the traveling pH waves. A counter-current 
distribution type theory with discrete and separate 
transfer and equilibrium steps was applied to pH 
cyclic zone separation. The system has n stages, each 
stage is represented by (l,S), I is the stage number 
and S is the transfer step. The first mass balance 
was written for the mass of solute on stage I after 
the transfer step S.
MI,S “ MI-1,s-1 + (1-f
for I >1 (6)
1,S-1>M 1,S-1 for 1=1
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Y V
f is defined as s =    (7)
YV + XV
where Y and X are related by the Langmuir equilibrium.
X = a 1Y (8 )  
1 + b.,Y
After the equilibrium stage, a second mass balance 
for Mt o can be written as:
M! g = Y V + X V
The fluid and solid concentration (Y and X) for stage 
I and transfer step S can be calculated by solving 
equation (6 )— (9) by a straight forward iteration 
solution, starting with a known initial condition. 
Experimental results for the separation of frucose 
and glucose from their aqueous solution with 
dihydroxyborylphenylsuccinamyl derivatives of 
aminoethyl cellulose were in qualitative agreement 
with the theory.
Extension of pH parametric pumping to the 
separation of valuable material such as proteins 
would be very attractive and profitable to 
investigate. Conventional type of column 
chromatography, used in protein purification, 
included adsorption, affinity, and ion exchange are 
batch processes. . .
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Adsorption chromatography is a batch process in 
which uncharged substances in a suitable solvent are 
introduced into a packed column of specialized 
material. The solute is then adsorbed onto the inert 
surface of the column packing, followed by 
differential elution from the column packing with an 
appropriate second solvent.
Affinity chromatography is a type of adsorption 
chromatography in which the bed material has 
biological affinity for the substance to be isolated. 
The specific adsorptive properties of the bed material 
are obtained by covalently coupling an appropriate 
binding ligand to an insoluble matrix. The binding 
ligand is then able to adsorb from solution the 
substance to be isolated, desorption being subsequently 
carried out by changing the experimental conditions 
after unbound substances have been washed away.
Affinity chromatography provides opportunities for the 
isolation of substances according to their biological 
function, and thus differs radically from conventional 
chromatographic techniques in which separation 
depends on gross physical and chemical differences 
between the substances.
Ion exchange chromatography is a batch-type
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process, employing synthetic resin column packing.
The resins may he anionic or cationic substances which 
exchange positive and negative counter ions . 
respectively for solute molecules at specific solution 
pH levels. The mechanism by which separation is 
obtained on an ion exchanger is one of reversible 
adsorption. Most ion exchanger experiments are . 
performed in two main stages. These are firstly, the 
addition and binding of substances to the ion exchanger 
and secondly the removal of these substances one at a 
time, separated from each other. Separation is 
possible since substances normally have different 
electrical properties and are released from the ion 
exchangers by changes in salt concentration, pH etc.
The pH parametric pumping offers the advantages 
of continuous fraction of protein mixtures in small 
equipment with very high separation factors, also, no 
regenerant can contaminate and denaturize the product 
streams.
Chen et al. (1977) was the first to study the 
feasibility of pH driven parametric pumping separation 
of a two component protein mixture. A semicontinuous 
pH parametric pump for separating proteins was 
experimentally investigated using the model system 
haemoglobin and albumin on a SP-Sephadex(C-15) ion
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exchanger. The pump considered had a center feed 
between an enriching column and a stripping column 
and was operated batchwise during upflow and 
continuously during downflow.(See Figure 8 ) Factor 
found to be important in determining pump performance 
were buffer concentration, pH levels, reservoir 
displacement, and product flow rate relative to 
reservoir displacement. No attempt was made in this 
work to optimize the separation process. It was shown 
that parametric pumping is capable of separating 
proteins with high separation factors.
The system selected for study in this thesis is 
haemoglobin-albumin on GM-Sepharose C1-6B cation 
exchanger. It is hoped that the experimental technique, 
mathematical model and the section of result and 
discussion presented in later chapters will stimulate 
the public interest that will result in the 
application of pH parametric pumping to the commercial 
process.
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Proteins carry both negatively and positively 
charged groups and can be bound to both anion and 
cation exchangers. Their net charge is dependent on 
pH. At low pH, the net charge is positive, and the 
protein will be taken up by a cation exchanger; at 
high pH, it is negative, whereupon it will be taken up 
by an anionic exchanger. The intermediate pH at which 
there is zero net charge is called the isoeletric 
point, at which the proteins are not bound to any type 
of ion exchanger.
Suppose we are concerned with the separation of 
protein A from a mixture or solution, and this 
protein has the isoelectric point 1^ pH (?2 < < P.]).
Thus, A will bear a negative charge at pH P^ and a 
positive charge at pH P2. Therefore, at P2 A is taken up 
by a suitable cationic exchanger (R~) with the 
counter ion S+ :
R“ S+ + A+ --- ► R" A+ + S+ at P2
R“ A+ + S+ --- ► R” S+ + A+ at P1
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Therefore a parametric pupming operating with pH levels 
and P2 should be capable of removing the solute A 
from the low pH end of the column and concentrating it 
at high pH end. A reversed effect will occur if an 
anion exchanger is selected.
System selection
A haemoglobin and albumin mixture was selected to 
examine experimentally the feasibility of this 
parametric pumping separation scheme:
Component Protein Molecular 














The isoelectric points for haemoglobin and 
albumin are 6.7 and 4.7, respectively. For all runs, 
P.j=8 and P2=6 , so that only the isoeletric point of 
haemoglobin lies between the two pH levels. This leads 
to the result that haemoglobin will be adsorbed by a 
suitable cationic exchanger at pH=6 and released at 
pH=8 . The haemoglobin would be removed from the pH=6 
stream and concentrated in the pH=8 stream.
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Process Evolution
The parametric pumping process was developed in 
three stages. The processes considered were shown in 
Figure 9, and the experimental parameters are listed 
in Appendix I. Prior to each run, the void volume of 
the column was filled with the high pH (pH=8) feed 
solution.
Stage 1
The parametric pump had a center feed, and was 
operated batchwise during upflow and continuously 
during downflow.(Chen et al 1977)
Stage 2
The parametric pump had a center feed, and 
was operated continuously during both upflow and 
downflow.
Stage 3
The parametric pump had a feed introduced 
alternately to the top and bottom of the column. The 
top and bottom products were withdrawn during the 
bottom and top feed respectively.
The experimental results are presented in Fig. 10. 
One can see that by increasing the number of operating 
cycles, the haemoglobin concentration decreases in 
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product stream. As n becomes large, the concentrations 
in both stream level off to steady state values. The 
separation for experiment N 3 is better than that of 
experiment , No. 2 and 1. It can be explained that 
the system with the center feed for which the 
haemoglobin present at the top of the column above the 
point of high pH liquid penetration is immobilized 
there permanently. No haemoglobin immobilization 
problem occurs for the stage 3 arrangement.
Process description of Stage 3 Process
The detailed process description of stage 3 is 
shown in Pig. 11. This parametric pump consists of a 
column packed with an ion exchanger and reservoirs 
attached to each end. Prior to the run, the column 
void volumes and bottom reservoir are filled with the 
high pH (pH= P.|) feed solution while the top reservoir 
is filled with the low pH (pH= P2) feed solution of 
the same concentration. As the flow direction changes, 
the column pH is also changed i?y changing the pH of 
the fluid entering the column. The top reservoir is 
maintained at a low pH level (l?2) by an automatic 
titrator, while a second titration unit is used to 
keep the bottom reservoir at a high pH level (P^).
The pump has dead volume V̂ , an(j Vjj for the top and
57
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■bottom reservoirs, respectively. The flow has four 
distinct stages in each cycle.
1. Plow from the top reservoir through the 
column to the bottom reservoir for time t^.
2. Peed at the bottom with the mixture of pH= P^
and flow out of the top of the column as the top
product for time t,.11 «
3. Plow from the bottom reservoir through the 
column to the top reservoir for time t ...Ill •
4. Peed at the top with the mixture of pH= P̂
and flow out the bottom of the column as the bottom
product for time t^y .
The flow rate within the column is always 
identical to the reservoir displacement rate Q. The 
volumes of the bottom and top feeds (Dg and Dg), are 
respectively, equal to those of top and bottom 
products. Por both the up and down flow, the 
reservoirs have the same displacement; that is, Qt^ =
Qtiii*
The schematic description of the pH parametric 
pumping principles.
The principle of this pH parametric pumping 
system is described schematically in Pigure 12.
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fFigure 12 Schema vie description of pH parametric pumpi ngprinciple
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Suppose we are concerned with the separation of a two
protein system. Let us assume that two proteins A and
B have isoeletric points IA and IB* whereas 1^ > I^.
Two constant pH fields ( high pH and low pH ) are
 ̂ imposed periodcally on the system, and P2>
I^. The ion exchanger is assumed to be cationic with 
+counter ions S . Por the purpose of illustration, we 
will make the following assumptions:
1. The displacement is equal to the void volume 
of the column Vg ; that is , Qt^ = Q t j ^  = Vg .
2. The volume of either the top or the bottom
feed is identical to the column void volume V ; thate
3. The ion exchanger OM-Seprarose has very large 
capacity, and the ion exchanger between the counter 
ions and the protein A is essentially complete at 
the end of each stage ( Pharmacia Pine Chemical .
1976 )
At the time zero , the void volume of the bed is 
filled with the high pH(pH=P^) feed solution. Sinse 
P.j lies between 1^ and IB, the net charge for A and B 
are positive and negative, respectively. During the 
first downflow stages, the low pH(P.j) fluid 
containing A+ and B~ from the reservoir enters the
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top of the column, while the solution containing A and 
B~ emerged from the other end enters the bottom 
reservoir. The pH value in the column is then changed 
from to ?2. As a result, S+ are exchanged for the 
A+ originated from the top reservoir. The solid phase 
is rich in A+ while all other 33“ are still remained in 
the fluid phase. During the bottom feed stage, a feed 
with Pg is introduced to the bottom of the column and 
simultaneously the fluid containing almost pure B is 
removed from the top of the column as top product at 
the same rate. In addition, the A+ initially 
presented in the bottom feed are also exchanged for S+ 
and adsorbed by the exchanger matrix.
After this adsorption process, an upflow is 
followed, and the high pH fluid from the bottom 
reservoir enters the bottom of the column. The solution 
containing pure B flows out of top of the column to 
the top reservoir. Consequently, the pH in the column 
changes from Pg back to P^, and desorption of A+ 
occurs, the counter ion S+ then shifts back to the bed 
and the ion exchanger bed is regenerated. During the 
top feed stage, a feed with low pH(pH=P2) enters the 
top of the column,while the fluid rich in A is 
withdrawn from the bottom of the column as the bottom
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product. One whole cycle is thus completed.
From Figure 12, one can see that all of the 
solutes A entering from either the top or bottom 
always moves toward the bottom product stream.
Gomplete removal of A from the top product stream is 
achieved with one single complete cycle. Note that 
this result is based on the assumption made above. In 
practice, it may not possible to implement the 
operating conditions that satisfy the required 
assumptions. However, an optimum separation is 
attainable by repeating the process in succeeding 
cycles. In the limit of a large number of cycles, the 
system is capable of removing substantially all of the 
A from the top product stream and transferring them to 
the bottom product stream. The separation will 
therefore become very large.
Circulation Process
To ensure a perfect pH shift from to P  ̂ or P  ̂
to P.j , the run for which the reservoir displacement is 
equal to one void volume, a circulation was made 
between the top reservoir(bottom reservoir) and fluid 
in the column immediately following downflow(upflow) 
steps. However, it should be pointed out if the top 
feed volume and/or bottom feed volume become large, 
the circulation might not be necessary.
The experimental apparatus for this process is 
the same to that used previously without circulation. 
The new circulation process is shown in Figure 13.
The new flow system consists of six distinct stages 
in each circle:
(1) Flow from the top reservoir through the 
column to the bottom reservoir for time t^.
(2) Flow from the top reservoir through the 
column back to the top reservoir for time
(3) Feed at the bottom with mixture of pH=P2 
and flow out of the top of the column as the top 
product for time
(4) Flow from the bottom reservoir through the 
column to the top reservoir for time,
(5) Flow from the bottom reservoir through the 
column back to the bottom reservoir for time ty .
(6) Feed at the top with the mixture of pH=P^ 
and flow out the bottom of the column as the bottom 
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Prior to each run, pH buffers were prepared.
The buffer employed is a mixture of two salt 
solutions: monobasic sodium phosphate ( Na^PO^ ) 
and dibasic sodium phosphate ( NagHPO^ ).
Selected amounts of monobasic sodium and dibasic 
sodium phosphate were combined to provide a 
buffer mixture of the required pH level. Table 1 
presents the required volumes of each salt solution 
to be mixed for a 100 cc buffer solution of the 
desired pH level. For example, a 100 cc low pH 
buffer solution requires 87.7 cc of monobasic sodium 
phosphate and 12.5 cc of dibasic sodium phosphate.
In Table 1, the ionic concentration of the 
buffer is 0.2M. When a buffer of lower ionic 
concentration was needed, deionized water was 
added to dilute the 0.2M buffer solutions. The two 
new solutions of monobasic sodium and dibasic sodium 




A: 0.2 M solution of Monobasic Sodium Phosphate 
27.8 grams in 1000 ml. of HgO 
B: 0.2 M solution of Dibasic Sodium Phosphate
53.65 grams of Na2HP04 7H20 in 1000 ml. of HgO 
7-1.7 grams of Na2HP0^ 12H20 in 1000 ml. of HgO 
28.392 grams of Ha2HP0^ anhydrous in 1000 ml. 
of H20
b j l A(ml.) B(ral.)
5.5 100.0 0.0
5.7 93.5 6.55.8 92.0 8.0









6.9 45.0 55.07.0 39.0 61.0
7.1 33.0 67.07.2 28.0 72.0
7.3 23.0 77.0
7.4 19.0 81.0
7.5 16.0 84.07.6 13.0 87.0
7.7 10.5 90.57.8 8.5 91.5
7.9 7.0 93.08.0 5.3 94.7
67
level using the selected volumes in Tahle 1. When a 
buffer of higher ionic concentration is required, the 
prepared 0.2M buffer solution is combined with 
selected NaCl solution to provide the desired buffer 
ionic concentration.
Worthington human serum albumin and human 
haemoglobin were selected for the experiment. The 
feed solutions were obtained by mixing these two 
proteins (measured in grams) and the prepared buffer 
solutions. For the solid phase, CM-Sepharose 
(registrated Trademark) ion exchanger media 
manufactured by Riarmacia Fine Chemical was chosen. 
CM-Sepharose is a macroporous, bead formed ion 
exchanger derived from the cross linked agarose gel 
Sepharose CL-6B. The ion exchange capacity of this 
material is high, and in addition, the exchanger has 
an extremely stable bed volume.
Several techniques were tried for the preparation 
of the column packing, the following procedure has 
been developed. Initially, the required amount of 
aqueous CM-Sepharose is swollen in an excess of the 
appropriate buffer solution. Remove the supernatant 
and wash on a glass filter extensively with fresh 
buffer. The gel is then equilibrated with 200 cc of
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feed solution at the selected pH level and ionic 
concentration in.a beaker. In order not to damage the 
ion exchanger beads, vigorous.'stirring should be 
avoided.
After the preparation of the packing gel we 
started to pack, .the column. First, the column was 
mounted vertically, and the adapter was fitted into 
the bottom of the column. Next, The o-ring in the 
adaptor was tightened to seal the bottom of the column. 
The prepared packing solution was then poured slowly 
into the column down a glass rod to avoid the air 
entrapment. As the interstitial column liquid existed 
the bottom capillary tube, the tube was sealed with a 
line plug. The gel start to settle, after.several 
hours, two layers were in the column. The bottom layer 
consisted of the settled gel and the equilibrated 
liquid while only the equilibrated liquid existed in 
the upper layer.
The second adaptor was fitted into the top of the 
column, and touched the upper liquid layer. The o-ring 
at the tip of the adaptor was tightened enough to 
avoid the leakage between the top adaptor and the 
column wall. The top adaptor was then pushed down. As 
the adaptor was pushed downward, fluid originally in
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the column was displaced upward into the capillary tube 
and removed from the top of the column. As the adaptor 
touched the top of the bottom layer, the top adaptor 
was tightened and the tubing was sealed with line plug.
The procedures of packing the column is thus completed.
Sample Analysis
Samples taken from the product streams at the end 
of each cycle were analyzed by using the spectrophoto- 
meter( Bausch & Lomb Spectronic System 400-3 ). The 
haemoglobin concentration was determined directly from 
the absorbance at a wavelengh of 403 nm. The Bio-Rad
Protein assay was used to obtain the total protein
concentration from the absorbance at a wavelength of 
595 nm. Hence, subtraction of the haemoglobin 
concentration from the total gave the concentration of 
albumin. All results are listed in Appendix I.
Experimental Apparatus
The experimental apparatus is shown schematically 
in Figure 14. The column is 40 cm long and 1.6 cm wide 
(inside diameter). The column was packed with ion 
exchangers and maintained at a constant temperature 
288^k. Reciprocating flow within the system was 
introduced by a P-3 peristaltic pump manufactured by 
Pharmacia Fine chemical. The pump was connected to a
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duel timer to have the flow direction reversed 
automatically at the end of each downflow and upflow. 
Four automatic valves, wired to two timer, were used 
so that the low and high pH feeds were alternately 
directed to the bottom and top of the column. At the 
same time, the top and bottom products were withdrawn 
from the column, respectively, during the bottom and 
top feeds.
The pH levels in the reservoirs were maintained 
constant'b y •titrating with hydrochloric acid and 
sodium hydroxide solutions. The strength of the acid 
and base were chosen that the effects on the product 
and reservoir concentrations were minimal. To ensure 
perfect mixing with the titrant in the reservoir, 
magnetic stirrers were used.
Selection of buffer ionic concentration
We have just demonstrated that the pH 
parametric pumping is an ion exchange process. A 
change in the buffer concentration, and, hense, in 
sodium ion(counter ion) concentration, results in a 
shifting of the position of equilibrium involving in 
the ion exchanger, thus, affects the separation 
significantly. The buffer were mixture of monobasic 
and diabasie sodium phosphate. (Colowick and kaplan
71
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1955). The dependences of separation on buffer ionic 
concentration are shown in Figure 15 and Figure 16.
First, three high pH (pH=8) buffer concentrations 
(0.05M, 0.1M and 0.2M + 0.1 Nacl) were used while the 
low pH(pH=6) buffer concentration remain constant(0.1 
M). From Figure 15, one may see that an increase in 
the ionic concentration of the high pH(pH=8) solution 
results in an increase in the separation. The effects 
of low pH(pH=6) buffer ionic strength on separation 
is shown in Figure 16. The high pH(pH=8) buffer ionic 
concentration is maintained constant and three low pH 
(pH=6) buffer ionic strength(0.05M, 0.1M and 0.2M) 
were chosen. We discovered that an decrease in low pH 
(pH=6) buffer ionic concentration results in an 
increase in separation. It is concluded that the 0.05M 
low pH(pH=6) buffer and 0.2M + 0.1M NaClpH=8 buffer 
will be used for later experimental runs.
Effect of Reservoir Displacement
Five runs( Run No. 6 and Run No. 9-12 ) were 
carried out corresponding to various reservoir 
displacements. The data were plotted as Separation 
Factor( bottom product concentration/top product 
concentration ) vs. number of cycles in Figure 17.
The separation is virtually nonexistent whereas the 
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or greater than( D=32 cc. or D=40 cc. ) the column 
void volume( Vg=24 cc. ). As long as D is smaller than 
V , the separation should gradually increases with D 
and reaches an optimum value when the reservoir D 
is equal to the void volume of the column ( D=Ye ).
Effect of Feed Concentration
Figure 18 illustrates the change of separation 
with the number of cycles (N) for two different feed 
concentrations. One can see that the Separation 
Factors( S. F. ) for both cases are very close to 
each other. Thus, the protein concentration in the 





Derivation of model equation
Two types of equations are needed in the 
calculation of the performance characteristics of 
the parametric pumping system, i.e., internal and 
external equations. External equations are solute 
material balances on streams flowing to and from a 
reservoir, consider the presence of any adjacent 
feed and product streams. From Figure 11, during the 
nth downflow stage, the balance on the bottom 
reservoir yields
D <TBP>n-1 + W n-1 "
For the bottom feed stage, the low pH feed is 
introduced to the bottom of the column and the 
product (YTp)n is withdrawn from the top of the
column as the top product. For the upflow stage, 
the material balance on the top reservoir is
D(YTP}n + W n - 1  = ( E + V C V n
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For the top product stage, the high pH feed Y^g is
introduced to the top of the column and the product
(Y-n-n) is withdrawn from the bottom of the column as v BP n
the bottom product.
Internal equations are solute material balances 
reflecting events occuring within the adsorption 
column. The mass transfer between the fluid and the 
solid phases in the column is represented by the 
rate equation
ax *
  = A. ( Y - Y ) (10)
a t
*The equilibrium fluid concentration, Y , in general 
is the function of the thermodynamic intensive 
variable(pH value for our system) and the solid 
phase concentration. By using the linear equilibrium 
adsorption.
Y* = X / K(pH) (11)
K is the equilibrium constant and is the function 
of the thermodynamic variable(pH level for our pH 
parametric pump).
Substituting Equation (11) into (10) we get
80
9 X  x
  = X  ( Y - - ) (12)
a t  k
N. H. Sweed developed ' stop and go 1 
algorithm for the non-equilibrium thermal parametric 
pumping . The partial differential equations are 
first reduced to ordinary differential equations: 
using the method of characteristics(Sweed Ph.D. 
thesis 1969). The spatial and time domains are 
devided into increments and the ordinary differen­
tial equations are then solved numerically by first 
flowing the liquid without interphase mass 
transfer(;.go ) and then transfer solute between 
phases without flow(stop). If each spatial 
increment were given enough time to reach local 
equilibrium, this algorithm would be identical to 
the countercurrent distribution calculation(Wankat et 
al, 1973).
Sweed and Rigaudeau(1975) pointed out that 
concentration wave velocity and temperature wave 
velocity are different for recuperative thermal 
parametric pumping. A simple cycling zone separation 
experiment was carried out to determine the 
volocities difference between pH and concentration
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wave for our system. Initially, the exchanger(16 cm 
length) was in equilibrium with a high pH(P.|=8) 
buffer. The pH of the entering feed is varied 
periodically. At t=0, a low pH feed(P2=6) containing
0.02% weight of haemoglobin and albumin was 
introduced to the top of the column for period of 
time T. At t=T, the high pH(P.|=8) feed entered the 
column for same period of time T. A whole cycle was 
thus completed. Product samples were collected from 
the bottom of the column in equal interval. The data 
are shown in Pigure 19. One can see that the 
concentration wave and the pH wave almost have the 
same velocity. Therefore, there is no lag of pH wave 
velocity behind the linear liquid velocity for pH 
parametric pumping. Furthermore, a square pH wave 
pattern is a good approximation for mathematical 
calculation.
A schematic diagram of the column is shown in 
Figure 5. Each cell will be represented as (l,J). 
where I refers to the cell number and J represents 
the time interval. Define V and V as the volume of 
liquid phase and of solid phase per cell or 
increment, respectively. V and Y will be assumed to 
be constant. Y(I,J) and X(l,j) are the 































at time J. By assuming plug flow, linear equilibrium 
dilute solution(i.e. the solutes do not interact 
with each other), constant fluid and solid 
properties(densities of liquid and solid, void 
fraction, and viscosity etc.), one can obtain a 
solute mass balance at cell I for time period J. 
Refer to Figure 5:
VY(I,J) + VX(I,J) = VY(I-1,J-1) + Vx(l,J-1) (1
= total solutes in one cell 
= constant 
Rearrange Equation (13)* we get:
V
Y(I,J) = Y(I-1,J-1) +---(X(I,J-1) - X(I,J)) (1
V
Substituing Equation (14) into Equation (12), 
Equation (12) becomes:
9X(I,J) V-------  = A  (Y(l-1,J-1) + --- (X(I,J-1) - X(I,J)
a t  V
xd,j) ;  )) (1
K
One may see that the X(I,J) is the only unknown to 
be determined in Equation (15).
Calculation procedures
The solid phase and liquid phase concentrations
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transients (X(I,J) and Y(I,J)) can be calculated by- 
solving Equation (15) along with the initial and 
boundary conditions. The calculational procedures 
are as follow:
1. Devide the column into NZ equal increments, 
Ve Vlet V=~| and DT= Devide the time domain into NT1,
NT2, NT3, NT4, NT5, and NT6 time increments . for six 
distinct stages in each cycle, such that each time 
step equals the length of one position increments, 
those are, NT1=ti/DT; NT2=t.^/DT; NT3=tiii/DT; NT4= 
tiv/NT; NT5=tv/NT; NT6=tvi/NT.
2. The system is initially in equilibrium with 
the feed concentration at high pH(pH=8) such that 
Y1(I,1)=YF8 and X1(I,1)=K8*YF8 for 1=2,NZ.
3. Set 1=1 at the top of the column during 
downflow and at the bottom of the column during 
upflow.
4. Start from J=2, calculate X1(I,J) from 
Equation (15) by Runge Kutta Integration Method for 
1=2,NZ. Substitute the calculated X(I,J) into 
equation (14) and evaluate Y1(I,J) by a simple 
algebraic computation.
5. Set J=J+1, repeat step 4 until J=NT1.
6. Repeat step 3, 4, and 5 from stage 2 to
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stage 6. Tims complete one whole cycle.
7. Repeat step 5 to step 6 cycle from cycle 
until steady state values are obtained.
Initial conditions
Stage 1: Y1(I,1)n=Y6(IfNT6+1)n-1 for n>1
Y1(I,1)1=YP8 for n=1




Stage 6: Y6(l,1) =Y5(NZ-I+2,NT5+1)„XI XI
Boundary condition
Stage 1: Y1 (1 ,j)n=YTRn-1 for .n>1
Y1(1,J)n=YP6 for n=1
Stage 2: Y2( 1,J)n=(Y2( 1 ,J-1 )n (VT-V)+Y2(.NZ.,J-1 )n 
xV)/VT for J>1
Y2(1,J)n=Y1(1,J )n for J=1
Stage 3: Y3(1,J)n=YF6
Stage 4: Y4(1,J)n=YBRn_1







Determination of model parameters
We,now, discuss the approach used to determine 
the parameters(x»K) in the model equations from 
experiments. First, we must study the effects of 
experimental parameters(i.e. Reservoir displacement,
Feed volume, Feed concentration, Displacement rate,
Ions concentration etc.) on separation. Second,we 
determine the model parameters by simulating the 
specific experiments. Then, the approach to obtain 
numerical solutions for the complete set of model 
equations is presented. Finally, a number of independent 
experimental runs are then given to verify the accuracy 
of the model parameters and the validity of the model 
equation.
We require an experimental system not only achieve 
large separation but also consistent with the assumptions 
used to derive the model equation. A set of operating 
conditions are selected as follow:
Ionic strength: An increase in the ionic 
concentration of pH=8 solution and an decrease in the 
ionic strength of the low pH(pH=6) solution achieve
87
better separation.
Feed concentration: As far as the feed are 
neither too concentrated, the components in the 
mixture will not interact with one another and compete 
for adsorption site on the exchangers, nor too dilute, 
the electrolyte exclusion effects (Helfferich 1962) 
will decrease the separation, the feed concentration 
has no significant influence on the separation.
Reservoir displacement: The separation increases 
with the displacement and reach an optimum value when 
the reservoir displacement is equal to the column void 
volume (Ve).
Feed volume: The cycle time is too long for 
excessive feed volumes. However, with no feed volume, 
the addition of titrant solution disturbs the 
concentrations of all ions, thus decreases the 
separation. A relatively low feed volume should be 
used.
Displacement rate: ^.ia a function of the flow 
rate. Sweed (1969) has shown that separation increases 
as 'X. increases f as Q decreases. Five experiments were 
carried out by varying the Q (Q=0.5, 1, 2, 3 and 4 
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separation is the largest when Q is equal to 1 cc/min. 
The mass transfer rate is very fast for our system, 
therefore, it is a good approximation to apply 
equilibrium theory to the system with the largest 
separation (Q = 1 cc/min.)* If the Q is too small, 
axial diffusion may become significant and poor 
separation may result.
axFrom Equation(10); tpp = X( Y-Y*). If we let X  be 
so large that the adjacent fluid and solid are always 
in equilibrium, Equation(10)becomes: _SJL_ _ y_y*
When X-* o®, Y-Y* = 0 —  Y=Y*, combine with Y*=X/K
We get X=KY ------------- ----------- fl6)
By combining Equation (14) and (16) along with initial 
and boundary conditions, we can calculate the separation 
by a straightforward computer iteration or a simple 
graphical method.
Equilibrium constants (K6 and K8) were estimated 
by fitting the equilibrium model equations to the data 
obtained for the parametric pumping run with the 
largest separation (Q=1 cc/min). The result is shown 
in Figure 21. The specific experimental parameters and 
the calculated equilibrium constants are summerized in 
Table 2. The detailed computer program is listed in 
Appendix an for the recuperative mode of pH parapumps.
90
Figure 21 Experimental Data and Simulated Curves
for Q = 1 cc/min2.0
Cal.Exp.Run
I.O






Peed conc.: 0.02% wt. Haemoglobin and Albumin.
Buffer conc.: 0.2 M + 0.1 M NaCI high pH (pH=8)
solution, 0.05 M low pH (pH=6) solution.
2Column surface area: A = 2 cm .
Void fraction: 0.75.
Reservoir displacement: 24 cc.
Feed volume: 1)6 = D8 = 10 cc.
Displacement rate: Q = 1 cc/min.





Effects of Mass Transfer Rate Oonstant(x)
In general, Ais a function of displacement rate, 
intensive variable( pH level for our system), buffer 
ionic concentration, and feed concentration. First, we 
study these parameters to get a feeling which one of 
these is most influential.
In Chapter 4, we showed, that the separation is 
independent of the feed concentration range we used by 
the comparison of the experimental data. Therefore, A  
is not a function of feed concentration. For all runs, 
the buffer ionic concentrations of the low pH(pH=6) and 
the high pH(pH=8) solutions are 0.05M and 0.2M+0.1M . 
NaCI, respectively. The buffer ionic concentration is 
fixed for a constant pH level. It is reasonable to 
combine these two parameters and discuss the effect of 
pH level on A. only.
Gregary and Sweed (1970) showed that A  is a 
function of both the velocity and the temperature. They 
separated the temperature dependence and the velocity 
dependence and use the isothermal breakthrough runs to 
study the dependence of A on temperature. We made some 
breakthough runs at a constant pH level for several A  
values. Initially, the ion exchanger bed was in 
equilibrium with pH=8(or pH=6) buffer. The haemoglobin 
and albumin mixture with pH=8(or pH=6) was then
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introduced to the top of the column and, simultaneously, 
the products were collected from the bottom of the 
column in equal time interval. The product concentration 
was calculated by substituting k8(and k6) into Eqs.(14) 
and (15) with the initial and boundary conditions for 
the breakthrough runs. The calculated results were 
plotted as product/feed concentration ratio(Y/Yp) vs. 
time(minutes) in figure 22, one may see that the 
product concentration is independent of 71 for pH=8 
solution. This indicates that only oneX is needed and 
X  is not a function of pH level for our system. We 
concluded that the X  is a function of displacement rate 
(Q) only.
The Dependence of \  on Q
The experimental results for Q= 2, 3, and 4 cc/min. 
in figure 20 were simulated by varying the X  value to 
obtain three resonable fits, figure 23 shows the 
experimental results and the simulated curves. The 
calculated X value corresponding to the displacement 
rate is listed in Table 3. One may see that the A  
increases as the Q decreases, for small X  ( large Q). 
little mass transfer occurs between the phases and 
so the adsorbent has little effect on the fluid on the 
fluid phase concentration, hense, little separation. As 
X  increases, the amount of interphase solute transfer




































increases toward a limit imposed by equilibrium when 
the Tv. becomes very large(small Q). Figure 24 shows 
the separation factor vs. number of cycles(N) for 
several X  values. The separation factor increases as 
A- increases. However, the sensitivity of the 
separation decreases as A  increases. The separation- 
factors for X=6.3 and A=10.0 are identical. This 
indicates that equilibrium exists between the solid 
and the liquid phases for .3
Gregory(Ph.D. thesis 1970) developed a 
relationship between “X  and the velocity for thermal 
parapump:
A  = c(T) v~a (17)
The X i s  the function of the velocity(v) only for our
system. The c for both pH=6 and pH=8 solutions are the 
same. W# rewrite Eq. (17) as follow:
A. = °(x)'a(«)'a
X  = b(Q)"a (18)
b and a are constants to be determined.
Take log on both side of Eq. (18), we get
log A. = Logb - alog Q (19)
By plotting log a  vs. log Q, we will get a straight
line with a slope = -a and with an interception point
at log X  = log b. We used the data in Table 2 to make
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the plot and the result is shown in Figure 25. The
slope is equal to r1.585and the constant a is equal to
Eq. (19) becomes:
A  = 6.3CQ)~1 * 585 (20)
We are able to calculate 7^ for any Q by solving Eq. 






As an independent check of Eq. (20), we use a . = 
1.100 to simulate the experiment for Q= 3 cc/min. 
Figure 26 shows the experimental data and simulated 
curves for Q= 3 cc/min. The calculated values compare 
with the experimental results very well. We pointed 
out that the interphases are in equilibrium when the 
flow rate is equal to 1 cc/min. From Eq. (20), we get 
A. = 6.3 for Q= 1 cc/min. This leads'.to the. same, 
conclusion^ se.e ..Figure 24) that the equilibrium exists 
between the interphases for Tv. > 6.3 We concluded 
that Eq. (20) is valid.
Finally,the A  value calculated from Eq. (20) 



























































Q = 4 cc/min. We first use x  = 0.70 (Q=4 cc/min.) for 
both pH=6 and pH=8 solutions to simulate the 
experimental data for Q=4 cc/min(See Figure 27). Then, 
we use X=6.3(Q=1 cc/min) for pH=8 solution and 7V.=0.700 
for pH=6 solution to simulate the same experiment. If 
the X. is independent of pH=8 solution , the two 
simulated results should close to each other. 
Furthermore, if the X. independence is valid at the 
highest rate(Q=4 cc/min), then the lower flow rates 
should also follow the same result. The results are 
shown in Figure 27. As expected, the experimental data 
agree reasonable well with the simulated curves and the 
two simulated results are almost the same. Therefore, 
only the X  for pH=6 solution is needed to simulate our 
pH parapump systems.
We are now in a position to use the model equations 
to investigate the behavior of pH parapump. In chapter 
6, the results of the effects of the operating 
parameters on separation will be discussed.
Graphical Method
As mass transfer increases, the amount of interphas 
increases, the solid and fluid phases are in equilibrium 
The equilibrium theory greatly simplifies the equations 
since rate equations are not needed. The resulting
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equation can be solved by a simple graphical method.
A batch parametric pump with no feed volume 
(i.e. D6 = D8 = 0) is used first because its. simplicity. 
Chen et al (1979) extended the model of Grevillot & 
Tondeur (1976) to the recuperative mode of the batch 
pH parametric pumping. We now apply the method to the 
continous pH parapump. Initially, the column voids and 
bottom reservoir are filled with mixture of concentration 
Y at pH = Pij. There is a fluid of the same initial 
concentration at pH = in the top reservoir, let 
16 and D8 be the volumes of the low pH and high pH 
feed. There is no dead volume in top and bottom 
reservoirs (i.e. Y^ - V-g = 0). Let X and Y be the 
concentrations of protein A in the solid and liquid 
phases respectively. Using Equation (16); X = KY, 
we draw two equilibrium lines ( with slopes equal to 
K8 and K6) on a X-Y diagram. By rearranging Equation 
(13), we get;
xi,j ■ < - + ((v)(yi-i.j-d i d7)
The initial concentration in the column (Yf ,Xj,) is 
represented by the point Ŷ ,. A complete cycle consists 
of eight steps and the effect of the operation for the 
first cycle (Refer to Figure 28) is as follow:
(1) Transfer down; The fluid in the top
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reservoir is transferred to the column and the fluid 
in the column is transferred to the bottom reservoir. 
Therefore, the bottom reservoir concentration for the 
first cycle is V
(2) Equilibrium at ?2: The pH in the column is 
changed from P^ to P2< The two phases are then 
allowed to equilibrate at P2. This leads to a new 
composition in the column(YTp^,X^p1), represented by 
the point Y^p^, the point is located at the intersection 
of equilibrium line Kg and of the operating line 
passing through (Y^jXp). The slope of the operating 
line is (-V/T). (See Equation (17))
(3) Low pH feed: A. fluid of volume D6 with 
concentration Ypg'enters the column, simultaneously, a 
fluid with concentration Y^p^ ia withdrawn from the 
column as the top product. Although the pH in the 
column is still P2, the D6/D portion of the column 
has a new composition(Yp,X^p^) while the(1-D6/E) 
portion still has the composition (Yrpp-j xg>p-|) •
(4) Reequilibration at P2:as a result of the 
fluid phase concentration change: This leads to a new 
composition (Ŷ Jj ,XT11) for the D6/D portion of the 
column, represented by the point Y ^ 1, is located at 
the intersection of the equilibrium line K6 and of
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the operating line passing through (Y;p>XTp1) and 
having a slope of (-V/V). The column now has different 
concentration portions. We can simplify the graphical 
procedure by using an average column concentration YT1 
obtained by combining Y^p^ and Y ’̂  as follow:
YT1 = Ip Yt1' + (1- D6/D) YTp1
(5) Transfer up: The solution with an average 
concentration Y ^  in the column is brought to top 
reservoir and the solution with concentration Yp in 
the bottom reservoir is returned to the column. The 
composition in the column is now (Yp,Y^^).
(6) Equilibration at P1: The pH in the column is 
shifted back to . The phase equilibrium is 
reestablished. The new equilibrium point (Ypp^Xpp^), 
represented by the point Ypp^ is located at the 
intersection of the equilibrium line K8 and of the 
operating line passing through (Yp,XT1) and having a 
slope of (-V/V).
(7) High pH feed: A high pH (pH=8) fluid with 
the concentration Yp enters the column. The fluid with 
the concentration Ypp^ is taken out of the column as 
the bottom product. The D8/D portion of the column 
has new composition (Yp,Xpp^) while the (1 - D6/D)
'10.8
portion still has the composition (Ygp-j »XBp-|) •
(8) Reequilibration at P2 as a result of fluid 
phase concentration change: This leads to a new 
composition (YB11fXB1'),for the D8/D portion of the 
column,is represented by the point ’,is located at 
the intersection of the equilibrium line K8 and of the 
operating line passing through ) and having a
slope of (-V/7) while the (1-D8/D) portion still has 
the composition (Y-gp̂  ). The column average
concentration Y ^  is obtained by combining 1-gp.j and 
Yb11 as follow:
1)8
YB1 - -  YB1’ + (1 - YBP1
The first cycle is thus completed. If the procedure 
is repeated cycle after cycle, the top and bottom 
product concentrations will approach steady values as 
the number of cycle becomes large.
The graphical solution of the batch parametric 
pumping is shown in Figure 29(Chen et al, in press). 
The steady state values of the top and bottom 
concentrations are (Y^Jco = 0.45 and (Yg),*,^ 1.5. The 
computer simulation and graphical representation are 
used to demonstrate the effects of feed volumes on 











































Effects of Feed Volume on Separation
Relative magnitude of D6 (Bottom feed), D8.(Top 
feed) and I) (Reservoir displacement) affect the pump 
performance significantly. Figure 30 indicates four 
possible regions of pump operations depending on D6 
and D8:
Region 1: D6 < ve and D8 < Ve
Region 2: D6 > Ve and D8 ■< Ve
Region 3: D6 < Ve and D8 > Ve
Region 4: D 6 > Ve and D8 > Ve
Ve is the void volume of a packed column.
There are three cases of the operations dependence on 
the magnitude of D.
Case A: D > Ve
Case B: D <  Ve
Case C: D = Ve
Each case has four regions, twelve runs (Run #9,12,
14 and Run #21 - #29) corresponding to various 
magnitude of D, D6 and D8 were carried out. The 
experimental parameters are shown in Table 4 
The data are plotted as Product/ Feed (Y/YjJ solute
1.11
Figure 30 Four Possible Regions Bepending on The 
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Peed concentration: 0.02 wt% H & A.
Buffer concentration: 0.2 M + 0.1 M NaOl in high pH
(pH = 8) solution.
0.05 M in low pH (pH = 6) 
solution.
Column height: H = 16 cm.
2Column surface area: A = 2 cm .
Void fraction: Ve = 0.75.
Displacement rate: Q = 1 cc/min.
Dead volume: 10 cc.
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concentration ratios vs. number of cycles (n) in 
Figure 31, 32 and 33. The solid lines are calculated 
values. As expected, the calculated separation is 
found to be in agreement with the experimental results.
By comparing those cases, we found that case c in 
which the reservoir displacement is equal to the column 
void volumes results in better separation. Furthermore, 
when D is equal to V , region 1 in which D6<Vg & D8<Ve 
achieve higher separation. In Figure 33, there is an 
overshoot for in region . Since D 8 > V g in
region, the top feed (D8) breakthrough from top end of 
the column to the bottom end occurs and the separation 
declines after number of cycles of operation.
The selection of the best condition of a process 
is dependent on the particular objective, in our 
system with two product streams, three objectives can 
be developed for an aqueous solution of Haemoglobin 
and Albumin. First objective would be the removal of 
the Haemoglobin to produce a purer top product free of 
Haemoglobin. Second choice is to enrich the 
Haemoglobin in the bottom product without concerning 
the Haemoglobin concentration in the top product. 
Finally, we might be interested in obtaining the 
best separation of Haemoglobin for both product stream-. .
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equilibrium concentration. The graphical solution is 
used to verify the simulated result. The batch parapump 
system(i.e., D6=D8=0) is represented by point B in 
Figures 34, 36, and 38.
Figure 34 demonstrates the effect of feed volume 
on the top product concentration. A decrease in bottom 
feed volume(D6) produces a purer top product 
concentration. Top product concentration drops sharply 
with increasing top feed volume(D8) and reaches a 
constant value when the D8 becomes large. When the top 
feed is equal to zero, the haemoglobin adsorbed at the 
top of the column above the point of high pH liquid 
penetration is immobilized there. As the top feed is 
introduced to the top of the column, the immobilized ■. 
haemoglobin will be desorbed by the high pH feed cycle 
after cycle. After this desorption stage, a downflow 
is followed. The haemoglobin initially in the top 
reservoir is adsorbed by the gel in large quantities.
As a result, the top product concentration drops 
sharply. When the D and D6 are remain constant, the 
total amount of haemoglobin adsorbed by the gel is 
also a constant. There will be a fixed amount of D8 
required to desorb the adsorbed haemoglobin. Therefore, 
the top product concentration drops down to steady
118
state when the D8 becomes large. A graphical 
representation for D6=0 and D8=D=V is shown in 
Figure 35. By comparing with the batch operation 
in Figure 29, the top product concentration 
decreases from 0.45 for batch parametric pumping 
system down to 0.33 for the continuous parametric 
pumping system. Therefore, an decrease in bottom 
feed volume and an increase in the top feed 
volume can produce a purer top product 
concentration.
The effect of the feed volume on bottom 
product concentration is shown in Figure 36. One can 
concentrate the bottom product concentration by 
increasing the bottom feed volume(D6) and by 
decreasing the top feed volume(D8). The amount of 
haemoglobin adsorbed by the ionexchanger increases 
as the bottom feed volume(D6) increases and results 
in an increase in the bottom product concentration. 
When the haemoglobin was desorbed and transferred 
to the bottom product stream, the lower the top 
feed volume(D8) is, the more concentrated the 
bottom product is. Figure 37 shows a graphical 
solution for a continuous pump with D6=D=Ve and
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Figure 35 Graphical Solution for D6=0 and D8=D=V(
X





Figure 36. Effect of Feed Volume on Bottom Product 
Concentration for D = Vfc?
0































D8=0. The steady state bottom concentration is 
approximately 3.06 for this continuous parapump 
while the steady state bottom concentration is 
only 1.5 for the batch parametric pumping 
operation shown in Figure 29.
Figure 38 indicates the effect of the total 
feed volume on separation factor. One can see that 
the separation factor of the parapumps with D=Ve 
is much higher than those with When the
displacement(D) is not equal to the void volume of 
the column, the separation is almost nonexistent 
because of the intermixing of the high pH(pH=8) 
fluid and the low pH(pH=6) fluid. For a constant 
D6/D ratio, the separation increases rapidly and 
reaches an optimum value when the D8/D ratio is 
small. The separation then drops sharply and 
remains constant when the D6/D becomes large. The 
separation becomes poor when both the D6/D and 
D8/D ratios become large. The separation factor of 
the continuous pump with small D6/D and D8/D ratios 
is better than that of the batch parapump. The batch 
parametric pump is favored over the continuous 
parametric pump only when the continuous system has
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large D6/D and D8/D ratios.
Effects of D, D6t and D8 on the Nonequilibrium Parapump
Figure 59 presented the separation factor vs. o( 
for several A. values at a constant feed volume. The X  
has a significant effect on the separation factor when 
the o( is around 1. For a constant X  , the separation 
factor always reaches an optimum value when o< is equal 
to 1. The \  value has little effect on the separation 
factor for erf »  1 or <  « 1 .  Because under these 
conditions, the effect of the mixing of the high pH(pH 
=8) and the low pH(pH=6 ) liquid is so large that the 
separation is nonexistent for all X  values.
The effect of the D6 and the 1)8 on separation for
several X  values at a constant D(D=Ve) is presented 
in Figure 40. The separation factor increases as the X  
increases and reaches a maximum value for X  £ 6.300 
As X  increases, the rate of interphase mass transfer 
increases toward a limit imposed by equilibrium for 
A *  6.3. The separation factor is significantly 
affected by the X  value when the 1)6 and D8 are small.
In last chapter, we showed that the X  is a
function of flow rate(Q) only. The X  has significant 
effect on the separation factor when the D6. & D8 are 
low and o( =1. It is important to pick a Q such that th« 
maximum separation is obtained for equilibrium pump.
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We have shown that the separation should 
gradually increase with D and reach an optimum value 
when the reservoir displacement is equal to the 
column volume(D=Ve).
Comparison of the Equilibrium and Nonequilibrium Pumps
The effects of circulation on separation will he 
be discussed in detail in Figure 41 -47* Before 
proceeding the computer simulation, we will use the 
new circulation process to make an independent check 
of the Rvalue calculated from Eq.(20) in Chapter 5. 
Three experiments corresponding to three flow rates(
Q = 2, 3, and 4 cc/min. ) were carried out. The 
experimental data were then simulated by varying the 
Tv. to obtain three reasonable fits. The experimental 
data and the simulated results were presented in 
Figure 41. The same 'A.values from Equation (20) were 
used because the three flow rates are the same for 
both the non-circulation process and the new 
circulation process. The simulated curves were in 
good agreement with the experimental data. Therefore, 
we can start to simulate the circulation process.
Figure 42 shows the result of equilibrium batch 
pH parametric pump. At equilibrium, the steady state
129
Figure 41 Simulated Curves and Experimental Datas 
for Q = 2, 3, and 4 cc/min. with 
circulation
1— [— I— r 1-----1------1— i----- 1— i---- r
< y bp>n
Run Flow rate Exp.
(.cc/min.) JE___B_
18 2.0 o m
19 3.0 o n
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Figure 4 2 Effect of Circulation on Equilibrium 
Batch pH Parapump
























Separation Factor is independent of the circulation. 
Furthermore, if we plot the time(second) vs. the 
Separation Factor in Figure 43, the system with the 
circulation is favored because it reaches the 
steady state faster.
The effect of the circulation on the non­
equilibrium batch parapump with 'N. as the parameter 
is shown in Figure 44. For nonequilibrium batch 
parapump, the steady state Separation Factor is 
independent of Rvalue. The system with circulation 
reaches the steady state Separation Factor faster 
than that without circulation. The number of cycle 
of operation decreases as the 7^ value increases. 
Figure 45 demonstrates that the steady state 
Separation Factor is not a function of column 
intervals. Therefore, the column intervals and 
value have no effect on the separation of the 
batch parapump.
Figure 46 & 47 show the effect of the 
circulation on the continuous pH parametric pump.
In Figure 46, for the system with no circulation, 
the separation of the nonequilibrium system (curve 1) 



















Figure 44 Effect of Circulation Volume(DC) on
Nonequilibrium Batch Parapump with i\-
as parameter











Figure 45 Effect of circulation on the batch
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Figure 46 Effect of circulation on the continuous
pH parametric pump with as parameter
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Figure 47 Effect of the circulation on the 
continuous pH parapump
IO / Run II X
4
DC=DF(c.c.)
! 1 24 0.30 0
2 2 0.30 0
3 24 0.30 96 -
4 2 0.30 96
5 24 6.30 0
6 24 6.30 96 —
o 20 N 4 0
1*37
When the volume of circulation becomes large, the 
separation is independent of 'X. , i.e., separation 
for the nonequilibrium pump is almost equal to that 
for the equilibrium pump. Figure 47 indicates that 
the number of column interval also has no effect on 
the steady state Separation Factor for the 
continuous pH parametric pump. We concluded that 
all pH Parametric pumps can approach equilibrium 




Continuous fractionation of protein mixtures 
by pH parametric pumping was studied both 
theoretically and experimentally. Mathematical 
expressions for non-equilibrium pH parametric 
pumping were developed. Numerical and analytical 
solutions for the non-equilibrium and equilibrium 
cases were also presented. The experimental data 
for the system of haemoglobin-albumin on CM- 
Sepharose cation exchanger agrees reasonably well 
with the theory.
With the use of the mathematical model, we 
were able to simulate the process for a wide 
variety of conditions and optimize the operation 
depending on the particular objective. The basic 
parameters affecting the separations were the low 
pH ( pH=6 ) and the high pH ( pH=8 ) buffer 
concentrations,reservoir displacement, low pH and 
high pH feed volumes, flow rate and feed 
concentration. We discovered that: (1) A decrease 
in the low pH buffer concentration and an increase 
in the high pH buffer concentration result in an 
increase in the separation. (2) The separation
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increases with reservoir displacement and reaches an 
optimum value when the reservoir displacement is 
equal to the column volume. (3) A purer top product 
(free of haemoglobin) was obtained by decreasing the 
low pH feed volume and by increasing the high pH 
feed volume. As these feed volumes both became large, 
the column became saturated, and the separation 
dropped. (4) The separation increases with decreasing 
flow rate and reaches an optimum value when the flow, 
rate is equal to 1 cc/min, at which equilibrium 
exists between the liquid and the solid phases. (5) 
Changes in feed concentration in the range of 0.01 
to 0.02 wt.% haemoglobin did not affect separation.
A comparison of the performance of equilibrium 
and nonequilibrium pH parametric pumping was made.
The criteria for approach to equilibrium operation, 
where large separations are possible, were also 
established. The pump flow rate affects the 
separation by changing the approach to equilibrium.
A nonequilibrium batch pH parametric pump can 
approach equilibrium by circulation. The volume of 
circulated fluid required varies from system to 
system. For continuous pH parametric pumping with 
no circulation, the Separation Factor of the
140
equilibrium continuous parametric pumping system is 
higher than that of the nonequilibrium system. When 
the circulation volume become very large, the 
separations achieved by the equilibrium and 
nonequilibrium pumps are equal.
These results represent a significant 
improvement over current batch methods. Continuous 
process minimizes both processing time and 
degradation. Also, no regeneration chemicals are 
needed, and therefore no regenerant can 
contaminate the product. Finally, the continuous 



















Absorbance at 403 wavelengh.
Reservoir displacement. 






Albumin concentration ratio product/feed,
Haemoglobin concentration ratio 
product/feed.
Saparation Factor defined as
Top Product Cone./Bottom Product Cone.
Top product at the end of first cycle. 
Bottom product.
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RUN NO. 1 
Condition: Process evolution stage 1.
Semi-continuous mode with center feed.
Parameters:
Peed conc.: pH6 & ph8 0.02%(wt.) H & A.
Buffer conc.: 0.1M pH6 & 0.2M pH8 solution.
H = 16 cm.
D = 24 c.c.
D6 = 10 c.c.
D8 = 10c.c.
Q = 1.0 c.c./rain
VT = 10 c.c.
VB = 10 c.c.
DC — 0 c.c.
Peed reading ^403nm ^595nm
pH.6 0.02% H&A 1.12
pH8 0.02% H&A 1.07
pH6 0.04% H 0.412
pH8 0.04% H 0.41 5
pH.6 0.04% A 0.44
pH.8 0.04% A 0.407
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Run pH 403 595 V YP V YP
1T 6.0 1.085 0.9
B 8.0 0.998 0.95
2T 5.8 1.048 0.425 0.87 1.09
B 7.8 1.051 0.404 1.0 0.97
3T 5.7 0.844 0.7
B 7.7 1.092 1.04
4T 5.7 0.783 0.65
B 7.8 1.071 1.02
5T 5.65 0.795 0.332 . 66 0.875
B 7.7 1.155 0.398 1.1 0.845
6T 5.8 0.844 0.7
B 7.8 1.239 1.18
7T 5.9 0.916 0.76
B 7.9 1.22 1.162
8T 6.0 0.868 0.369 0.72 0.987
B 7.9 1.324 0.459 1.261 0.972
ST 6.0 0.934 0.775
B 7.8 1.276 1.215
10T 6.0 0.91 0.755
B 7.7 1.2 1.143
11T 5.9 0.892 0.39 0.74 1.071B 7.8 1.316 0.452 1.253 0.954
12T 6.0 0.771 0.64
B 7.9 1.25 1.191
13T 6.0 0.964 0.398 0.8 1.036
B 7.8 1.282 0.461 1.221 0.969
14T 5.9 0.819 0.68B 7.8 1.216 1.202
15T 6.0 0.88 0.73
B 7.8 1.295 1.192
16T 6.0 0.85 0.75




















Conditions: Process evolution stage 2.
Continuous mode with center
Parameters:
Peed conc.: pH6 & pH8 0.02% H & A .  
Buffer conc.: 0.1M pH6 solution.
0.2M pH8 solution.
H = 16 cm.
D = 24 cc.
D6 = 10 cc.
D8 = 10 cc.
Q = 1.0 ce/min. .
vT s 10 cc.
VB = 10 cc.
DC — 0 cc.
APeed reading 405nm
pH6 0.02% H&A 1.215











Run. pH A403 ■ A 595 m V YP V YP
1T 6.0 0.973 0.801
B 8.0 1.208 1.111
2T 6.1 0.757 0.623
B 7.7 1.283 1.18
3T 6.1 0.666 0.317 0.548 1.095
B 7.6 1.364 0.455 1.255 0.96
4T 6.1 0.547 0.45B 7.7 1.372 1.262
5T 6.2 0.671 0.52B 7.6 1.447 1.331
6T 6.1 0.56 0.284 0.461 1.012
B 7.7 1.482 0.471 1.363 0.93
7T 6.2 0.533 0.439
B 7.8 1.455 1.339
8T 6.1 0.628 0.517
B 7.8 1.51 * 1.389
9T 6.2 0.702 0.296 0.578 0.957
B 7.7 1.565 0.508 1.44 1.031
10T 6.1 0.655 0.539
B 7.6 1.653 1.521
110? 6.2 0.654 0.538
B 7.8 1.598 1.47
120? 6.2 0.58 0.295 0.477 1.054
B 7.8 1.609 0.52 1.48 1.051
130? 6.1 0.614 0.296 0.505 1.027B 7.9 1.609 0.607 1.48 0.989


















Conditions: Process evolution stage 3.
The parapump has a feed introduced 
alternarely to the top and bottom column.
Parameters:
Peed conc.: PH=6 & PH=8 0.02% H & A .
Buffer conc.: 0.1M PH=6 solution.
0.2M pH=8 solution.
H = 16 era.
D = 24 cc.
D6 = 10 cc.
D8 = 10 cc.
Q = 1.0 cc/min.
DC = 0 cc/rain.
Peed reading A403ura A595um
PH=6 0 .02% H&A 1.12a n 00 0 .02% H&A 1.07
PH=6 0 .04% H 0.412
PH=8 0 .04% H 0.415
PH=6 0 .04% A 0.44
PH=8 0 .04% A 0.407
Run PH A403um A 595um V ? F V y f.
1T 6.0 0.972 0.868
B 8.0 1.07 1.00
2T 6.1 0.942 0.841
B 8.0 1.177 1.1
3T 6.1 0.697 0.332 0.622 0.93
B 7.9 1.434 0.451 1.34 0.85
4T 6.2 0.448 0.4
B 7.8 1.553 1.451
5T 6.15 0.258 0.23
B 7.8 1.542 1.441
6T 6.1 0.282 0.262 0.252 0.975
B 7.9 1.663 0.509 1.554 0.916
7T 6.1 0.238 0.208
B 7.8 1.682 1.572
8T 6.15 0.259 0.231
B 7.8 1.647 1.539
9T 6.2 1.244 0.27 0.218 1.027
B 7.7 1.627 0.511 1.521 0.962
10T 6.2 0.246 0.22
B 7.9 1.668 1.559
11T' 6.1 A A 4 7 0.217
B 7.8 1.596 1.492
12T 6.1 0.244 0.274 0.218 1.046
B 7.8 1.659 0.522 1.55 0.984
13T 6.1 0.243 0.217B 7.9 1.731 1.618
143) 6.05 0.244 0.218
B 7.8 1.692 1.581
153, 6.1 0.245 0.272 0.219 1.037
B 7.9 1.712 0.532 1.6 0.981
16T 6.0 0.244 0.218






















Peed conc.: pH=6 & pH=8 0.02% H & A
Buffer conc.: 0.05M pH=6 solution.
0.05M pH=8 solution.
H a 16 era.
D = 24 cc.
D6 = 10 cc.
D8 = 10 cc.
Q = 1.0 cc/min
vT = 10 cc.
VB = 10 cc.
DC _ 0 cc.
Peed reading A4Q3ura
pH=6 0.02% H&A 1.145











Run pH A403ua A595um yh /y f V YP
11 6.0 0.338 0.275 0.295 1.113
B 8.0 0.747 0.344 0.785 0.956
2T 6.1 0.392 0.342
B 7.9 1.052 1.106
3T 6.1 0.406 0.257 0.354 1.023B 7.8 1.204 0.457 1.266 1.058
4T 6.15 0.363 0.316B 7.9 1.5 1.577
5T 6.2 0.341 0.244 0.297 0.951B 7.8 1.402 0.485 1.474 0.997
6T 6.1 0.308 0.268
B 7.8 1.416 1.489
7T 6.15 0.279 0.259 0.243 1.089B 7.9 1.392 0.443 1.464 0.802
8T 6.2 0.285 0.248
B 7.9 1.434 1.508
9T 6.1 0.295 0.274 0.258 1.146
B 7.8 1.507 1.585 0.823 1.585
10T 6.1 0.319 0.279
B 7.8 1.519 1.597
110) 6.2 0.384 0.298 0.335 1.189
B 7.9 1.460 0.456 1.535 0.798
12T 6.1 0.442 0.312 0.386 1.208
B 7.8 1.518 0.471 1.596 0.814
130) 6.1 0.439 0.315 0.384 1.227B 7.9 1.490 0.467 1.567 0.821
14T 6.2 0.448 0.313 0.391 1.207B 7.8 1.460 0.458 1.535 0.808
150) 6.1 0.441 0.313 0.385 1.212




















Peed conc.: pH=6 & pH=8 0.02% H & A .
Buffer conc.: 0.05M pH=6 solution.
0.15M pH=8 solution.
H = 16 cm.
D = 24 cc.
D6 = 10 cc.
1)8 = 10 cc.
Q =: 1.0 cc/min.
VT = 10 cc.
VB s 10 cc.
DC = 0 cc.
Peed reading
pH=6 0,.02% A&H













Run pH ^403nm A595nm V YP V YP
1T 6*0 0.504 0.297 0.437 1.046
B 8.0 0.825 0.388 0.874 1.123
2T 6.1 0.684 0.593
B 7.9 1.016 1.076
3T 5.9 0.628 0.323 0.545 1.096
B 8.0 1.314 0.45 1.392 0.945
4T 6.1 0.404 0.35
B 8.1 1.417 1.502
5T 5.95 0.374 0.253 0.324 0.965
B 8.0 1.474 0.505 1.565 1.058
6T 6.05 0.322 0.279
B 8.05 1.577 1.671
7T 6.1 0.328 0.258 0.284 1.037
B 8.15 1.505 0.447 1.596 0.735
8T - 6.1 0.336 0.292
B 8.1 1.514 1.605
9T 6.1 0.333 0.274 0.289 1.112B 8.0 1.485 0.479 1.575 0.915
10T 6.05 0.365 0.317B 8.1 1.497 1.587
11T 6.1 0.304 0.262 0.264 1.076B 8.1 1,549 0.505 1.643 0.983
12T 6.1 0.342 0.256 0.297 1.013
B 8.1 1.596 0.499 1.693 0.905
13T 6.1 0.347 0.261 0.301 1.035
B 8.05 0.493 1.639 0.927141 6.1 0.338 0.258 0.293 1.024
B 8.1 1.551 0.504 1.645 0.973




















Peed conc.: pH=6 &pH=8 0.02% H & A .
Buffer conc.: 0.05M pH=6 solution.
0.2M +
H = 16 cm.
D = 24 cc.
D6 = 10 cc.
D8 = 10 cc.
Q = 1.0 cc/min.
v T = 10 cc.
VB = 10 cc.
DC = 0 cc.
Peed reading
pH=6 0..02% H&A
a ii CD 0..02% H&A
pH=6 0,.04% H
ii 00 0 ..04% H
pH=6 0,,04% A
pH=8 0..04% A














































































































































Peed conc.: pH=6 & pH=8 0.02% H & 
Buffer conc.: 0.1M pH=6 solution.
0.2M+0.1M Nacl pH=8
H = 16 cm.
D = 24 cc.
D6 = 10 cc.
D8 = 10 cc.
Q = 1.0 cc/min
vT r: 10 c c.
VB = 10 cc.



















Run pH A403nm A 595nm V YP V YP
1T 6.0 0.963 0.382 0.837 1.058
B 8.0 1.030 0.391 1.000 1.035
2T 6.1 0.714 0.622
B 8.0 0.95 0.921
3T 6.15 0.561 0.327 0.489 1.149
B 8.0 1.331 0.424 1.29 0.921
4T 6.1 0.444 0.387B 8.0 1.386 1.344
5T 6.0 0.378 0.262 0.329 0.985
B 8.0 1.476 0.457 1.431 0.954
6T 6.1 0.343 0.299
B 7.9 1.583 1.535
7T 6.1 0.198 0.261 0.259 1.057
B 8.0 1.641 0.443 1.595 0.728
8T 6.1 0.299 0.26B 7.9 1.685 1.634
9T 6.1 0.327 0.283 0.285 1.138
B 8.0 1.632 0.457 1.585 0.806
10T 6.1 0.338 0.294
B 7.9 1.721 1.674
11T 6.1 0.345 0.298 0.301 1.197
B 7.9 1.74 0.467 1.69 0.758
121 6.1 0.341 0.306 0,298 1.243
B 7.9 1.744 0.481 1.693 0.824
13T 6.1 0.343 0.315 0.299 1.287B 7.9 1.727 0.471 1.677 0.793
14T 6.1 0.342 0.309 0.299 1.255
B 7.9 1.68 0.467 1.631 0.81 5
15T 6.1 0.340 0.311 0.297 1.267



















Peed conc.: pH=6 & pH=8 0.02% H & A .  
Buffer conc.: 0.2M pH=6 solution.
0.2M +
H = 16 cm.
D = 24 cm.
D6 = 10 cc.
D8 = 10 cc.
Q = 1.0 cc/min.
vT = 10 cc.
y b = 10 cc.





w ii CO 0 ,,04% H
pH=6 0 ..04% A
pH=8 0 .,04% A








Run PH A403nm A595nra V YP V yf
15P 6.05 1.14 0.403 0.962 1.036B 7.9 0.901 0.376 0.937 1.017
2T 6.15 1.066 0.889B 8.0 0.98 1.02
3T 6.2 0.855 0.346 0.721 1.127
B 8.0 0.982 0.379 1.022 0.952
4T 6.1 0.799 0.674
B 7.9 1.091 1.135
5T 6.2 0.800 0.329 0.675 0.961
B 8.0 1.129 0.415 1.175 0.989
6T 6.3 0.773 0.652
B 8.0 1.161 1.208
7T 6.2 0.728 0.341 0.614 1.085
B 8.0 1.218 0.406 1.267 0.853
8T 6.15 0.711 0.6B 7.9 1.169 1.216
9T 6.1 0.76 0.356 0.642 1.136
B 7.9 1.173 0.388 1.221 0.806
101 6.1 0.776 0.655B 7.9 1.188 1.236
11T 6.1 0.748 0.378 0.632 1.258
B 7.9 1.215 0.39 1.266 0.771
12T 6.1 0.757 0.387 0.639 1.296B 7.9 1.227 0.389 1.278 0.757
13T 6.1 0.769 0.395 0.649 1.327B 7.9 1.221 0.397 1.272 0.801
14T 6.1 0.773 0.374 0.653 1.215B 7.9 1.209 0.38 1.256 0.783




















Peed conc.: 0.02% pH=6 & pH=8 H & A .  
Buffer conc.: 0.05M pH=6 solution.
0.2M +
H = 16 cm.
D = 10 cc.
3)6 = 10 cc.
D8 = 10 cc.
Q = 1.0 ce/min
vT = 10 cc.
VB = 10 cc.

















Run   A403nm A595nm YH^YF YA^YF
1T 6.9 1.285 1.011
B 7.9 0.922 0.876
2T 6.7 1.091 0.377 0.935 1.075
B 8.0 1.0 0.384 0.95 0.987
3T 6.5 1.139 0.976
B 7.9 1.02 1.02
4T 6.4 1.302 0.39 1.116 1.115
B 7.8 1.317 0.421 1.080 1.045
5T 6.4 1.412 1.21
B 7.8 1.172 1.113
6T 6.5 1.36 0.386 1.166 0.881
B 7.9 1.129 0.425 1.072 1.072
7T 6.4 1.308 1.121B 7.8 1.079 1.025
8T 6.5 1.264 0.381 1.083 0.942B 7.8 1.050 0.398 0.997 1.012
9T 6.4 1.202 1.03B 7.8 1.033 0.981
10T 6.5 1.135 0.378 0.973 1.040B 7.9 1.019 0.344 0.968 0.770
11T 6.4 1.127 0.966B 7.8 1.008 0.957
1 2T 6.4 1.131 0.365 0.969 0.975B 7.8 1.004 0.354 0.953 0.835
13T 6. 5 1.134 0.363 0.972 0.961
B 7.8 0.999 0.370 0.949 0.921
14T 6.5 1.137 0.381 0.974 1.055
B 7.8 0.356 0.946 0.851 0.996
15T 6.4 1.139 0.394 0.976 1.123B 7.8 1.001 0.363 0.951 0.884
16T 6.4 1.137 0.390 0.974 1.04





















Peed conc.: pH=6 & pH=8 0.02% H & A .
Buffer conc.: 0.05 M pH=6 solution.
0.2 M + 0.1 M Nacl solution.
H = 16 cm.
D = 18 cc.
D6 = 10 cc.
D8 = 10 cc.
Q a 1 cc/min
vT a 10 cc .
VB a 10 cc.
DC _ 0 cc.
Peed reading A4Q3nm
pH=6 0.02% H&A 1.111
pH=8 0.02% H&A 0.989
pH=6 0.04% H 
pH=8 0.04% H 








Run pH A403nm A595nm V YP V YP
1T 6.0 0.617 0.328 0.555 1.125
B 8.0 0.928 0.374 0.938 0.94
2T 5.9 0.779 0.701B 7.9 1.024 1.035
3T 5.8 0.674 0.329 0.606 1 .076
B 7.9 1.098 0.416 1.110 0.986
4T 6.0 0.8 0.720
B 8.0 1.149 1.161
5T 6.2 0.827 0.383 0.744 1.214
B 8.0 1.169 0.445 1.181 1.058
6T 6.2 0,843 0.758
B 8.0 1.285 1.299
7T 6.2 0.887 0.397 0.798 1.234
B 8.0 1.133 0.529 1.145 1.014
8T 6.24 0.837 0.753
B 8.0 1.338 1.352
9T 6.1 0.695 0.330 0.626 1.063
B 7.9 1.402 0.432 1.517 0.861
10T 6.0 0.607 0.617
B 8.0 1.381 1.295
11T 6.1 0.643 0.339 0.649 1.086B 8.0 1.432 0.454 1.346 0.942
12T 6.1 0.619 0.327 0.627 1.045
B 7.9 1.448 0.452 1.363 0.915
13T 6.1 0.624 0.331 0.632 1.062B 8.0 1.537 0.447 1.531 0.904
14T 6.2 0.622 0.329 0.630 1.054B 7.9 1.532 0.451 1.346 0.927
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Peed conc.: pH=6 & pH=8 0.02% H & A, 
Buffer conc.: 0.05 M pH=6 solution.
0.2 M + 0.1 M Nacl pH=
H = 16 cm.
D = 32 cc.
D6 = 10 cc.
D8 = 10 cc.
Q = 1 cc/min
VT = 10 cc.
VB = 10 cc.
DC = 0 cc.
Peed reading "̂ 403nm
pH=6 0.02% H&A 1.17











Run pH A403nra A595nm
1T 6.0 1.07
B 8.0 0.913
2® 5.9 1.203 0.407
B 8.1 1.026 0.348
3T 5.8 1.239
B 8.15 0.768
4® 6.0 1.393 0.421B 7,9 0.758 0.361
5T 6.1 1.446
B 7.9 0.716
6T 5.8 1.425 0.467
B 8.0 0.739 0.311
7T 5.9 1.459B 8.1 0.655
8T 6.0 1.506 0.479
B 7.8 0.697 0.316
9T 6.1 1.495B 7.9 0.668
10T 6.0 1.519 0.477
B 7.8 0.651 0.302
11T 6.1 1.642 0.487
B 8.1 0.642 0.304
12T 6.0 1.652 0.493
B 7.9 0.638 0.291
13® 6.1 1.651 0.492B 7.9 0.631 0.311
14® 6.1 1.624 0.482B 8.0 0.621 0.312
15T 6.0 1.626 0.484B 8.0 0.625 0.295
163



















































Peed conc.: pH=6 & pH=8 0.02 % H & A.
Buffer conc.: 0.05 M pH=6 solution.
0.2 M + 0.1 M Nacl pH=8 solution,
H = 16 cm.
D = 40 cc.
1)6 =3 10 cc.
D8 = 10 cc.
Q 2 1 cc/min
vT 2 10 cc.
VB 2 10 cc.
DC _ 0 cc.
Feed reading A403na ^ 5lm
pH=6 0.02% H&A 1.19
pH=8 0.02% H&A 0.998
pH=6 0.04% H 0.41 5
pH=8 0.04% H 0.427
pH=6 0.04% A 0.39
pH=8 0.04% A 0.408
165
Run pH A403nm A595nm V YP
1T 6.0 0.961 0.801
B 7.5 1.073 1.076
2T 6.1 0.986 0.366 0.829 0.981
B 7.6 0.965 0.421 0.967 1.054
3T 6.1 1.075 0.903B 7,5 0.925 0.927
4T 6.0 1.156 0.377 0.97 0.889B 7.4 0.869 0.373 0.871 0.916
5T 6.18 1.355 1.139
B 7.4 0.862 0.864
6T 6.1 1.407 0.458 1.182 1.073
B 7.5 0.78 0.341 0.782 0.852
7T 6.0 1.454 1.222
B 7.4 0.743 0.744
8T 6.1 1.474 0.472 1.239 1.086
B 7.5 0.722 0.319 0.723 0.807
9T 6.0 1.495 1.256
B 7.35 0.704 0.705
10T 6.1 1.508 0.473 1.267 1.063
B 7.4 0.696 0.347 0.697 0.972
11T 6.2 1.516 0.486 1.274 1.117
B 7.3 0.691 0.313 0.693 0.811
12T 6.17 1.529 0.482 1.285 1.086B 7.4 0.697 0.314 0.699 0.807
13T 6.1 1.532 0.475 1.287 1.051
B 7.3 0.692 0.349 0.694 0.986141 6.1 1.542 0.476 1.296 1.047
B 7.4 0.694 0.313 0.696 0.804
15T 6.1 1.539 0.477 1.293 1.055




















Peed conc.: pH=6 & pH=8 0.02% H & A .
Buffer conc.: 0.05 M pH=6 solution.
0.2 M + 0.1 M NaCl pH=8 solution,
H = 16 cm
D = 24 cc
D6 = 10 cc
D8 = 10 cc
Q S in.o cc,
<3 1-3 = 10 cc
VB = 10 cc
DC = 0 cc
Feed reading
pH=6 0.02% H&A 1.215
pH=8 0.02% H&A 1.087
pH=6 0.04% H 0.488
pH=8 0.04% H 0.496
pH=6 0.04% A 0.452
pH=8 0.04% A 0.484
167
Run pH A403nm A 595nm V Y]? V yf
1T 6.0 1.198 0.986
B 8.0 1.08 0.994
2T 6.1 0.844 0.385 0.696 0.946
B 7.8 1.320 0.547 1.215 1.017
3T 6.0 0.735 0.605
B 7.7 1.510 1.389
4T 6.0 0.605 0.498B 7.7 1.628 1.498
5T 6.1 0.347 0.316 0.422 0.935
B 7.7 1.727 0.650 1.589 1.058
6T 6.15 0.450 0.37
B 7.8 1.79 1.651
7T 6.1 0.395 0.325
B 7.7 1.831 1.684
8T 6.0 0.35 0.288 0.288 0.956
B 7.8 1.865 0.683 1.716 1.065
9T 6.1 0.327 0.269
B 7.9 1.887 1.736
10T 5.9 0.286 0.235B 7.8 1.912 1.759
11T 6.1 0.275 0.284 0.226 1.005
B 7^8 1.927 0.666 1.773 0.935
12T 6.0 0.265 0.268 0.218 0.942B 7.9 1.935 0.692 1.780 1.036
131 6.1 0.261 0.271 0.215 0.958B 7.7 1.930 0.693 1.776 1.042
14T 6.0 0.259 0.257 0.213 0.899
B 7.8 1.928 0.693 1.774 1.044
1 5T 6.0 0.260 0.270 0.214 0.956




















Peed conc.: pH=6 & pH=8 0.02% H & A .  
Buffer conc.: 0.05 M pH=6 solution.
0.2 M + 0.1 N NaCl pH=i
H = 16 cm.
D = 24 cc.
1)6 = 10 cc.
D8 = 10 cc.
Q = 1 cc/min.
vT = 10 cc.
VB = 10 cc.
DV = 24 cc.
Peed reading A403nm A 595nm
pH=6 0.02% H&A 1.163
pH=8 0.02% H&A 1.016
pH=6 0.04% H 0.496
pH=8 0.04% H 0.477
pH=6 0.04% A 0.466
pH=8 0.04% A 0.502
solution.
169
Run PH A403nm A 595nm V YP V YP
1T 6.0 0.598 0.295 0.541 0.875
B 8.0 1.621 0.509 1.157 0.563
2T 6.0 0.389 0.346
B 8.0 1.723 1.355
3T 6.0 0.349 0.265 0.311 0.926
B 8.0 1.855 0.577 1.516 0.598
4T 6.0 0.310 0.279
B 8.0 1.705 1.638
5T 6.0 0.225 0.275 0.193 0.989B 8.0 1.737 0.643 1.675 0.795
6T 6.0 0.237 0.203
B 8.0 1.79 1.726
7T 6.0 0.217 0.289 0.186 1.056
B 8.0 1.799 0.614 1.735 0.813
8T 6.0 0.223 0.191
B 8.0 1.828 1.763
9T 6.0 0.216 0.305 0.185 1.125
B 8.0 1.817 0.610 1.752 0.782
10T 6.0 0.218 0.187
B 8.0 1.85 1.784
11T 6.0 0.237 0.297 0.198 1.078
B 8.0 1.836 0.610 1.771 0.763
12T 6.0 0.220 0.296 0.189 1.083
B 8.0 1.859 0.212 1.793 0.751
13T 6.0 0.212 0.287 0.182 1.053B 8.0 1.852 0.616 1.786 0.775
14T 6.0 0.216 0.303 0.185 1.117
B 8.0 1.864 0.615 1.798 0.758
15T 6.0 0.213 0.290 0.183 1.063




















Peed conc.: pH=6 & pH=8 0.02% H«i ;& A. 
Buffer conc.: 0.05 M pH=6 solution.
0.2 M + 0.1 M NaCl pH=l
H = 16 cm.
D = 24 cc.
D6 = 10 cc.
1)8 = 10 cc.
Q s 2 cc/mi:n.
= 10 cc.
VB = 10 cc.
°v. s 0 cc.
Peed reading A403nm A595nm
pH=6 0. 02% H&A 1.158
pH=8 0.02% H&A 1.053
pH=6 0. 04% H 0.552
pH=8 0. 04% H 0.555
pH=6 0.04% A 0.449
pH=8 0.04% A 0.542
solution.
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Peed conc.: pH=6 & pH=8 0.02 % H & A.
Buffer conc.: 0.05 M pH=6 solution.
0.2 M + 0.1 M NaCl pH=8 solution.
H = 16 cm.
D = 24 cc.
D6 = 10 cc.
D8 = 10 cc.
Q = 1 cc/min
vT = 10 cc.
y b = 10 cc.
DC 0 cc.
Peed reading A403nm 595nm
pH=6 0.02% H&A 1.17
pH=8 0.02% H&A 1.017
pH=6 0.04% H 0.496
pH=8 0.04% H 0.471
pH=6 0.04% A 0.466
pH=8 0.04% A 0.502
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Peed conc.: pH=6 & pH=8 0.02% H &
Buffer conc.: 0.05M pH=6 solution.
0.2M + 0.1M N a d  pH=€
H = 16 cm.
D = 24 cc.
D6 10 cc.
B8 10 cc.





pH=6 0.02% H&A 1.17






























































































































































Peed conc.: pH=6 & pH=8 0.02% H & A .
Buffer conc.: 0.05M pH=6 solution.
0.2M + 0.1M NaCl solution.
H = 16 cm.
D = 24 cc.
D6 = 10 cc.
D8 = 10 cc.
Q = 2 cc/min
vT = 10 cc.
VB = 10 cc.
DO _ 24 cc.
Peed reading A4Q3nm
pH=6 0.02% H&A 1.22
pH=8 0.02% H&A 1.058
pH=6 0.04% H 
pH=8 0.04% H 








Run pH A403nm A 595nm V YP V YP
1T 6.0 1.122 0.919
B 8.0 1.21 1.144
2T 6.0 0.724 0.363 0.595 0.956
B 8.0 1.442 0.529 1.363 0.836
3T 6.0 0.517 0.424
B 8.0 1.597 1.509
4T 6.0 0.501 0.306 0.411 0.897
B 8.0 1.673 0.576 1.581 0.815
5T 6.0 0.409 0.335
B 8.0 1.793 1.695
6T 6.0 0.377 0.319 0.309 0.784
B 8.0 1.787 0.594 1.689 1.058
7T 6.0 0.342 0.28
B 8.0 1.856 1.754
8T 6.0 0.311 0.295 0.255 1.011
B 8.0 1.826 0.605 1.726 0.792
9T 6.0 0.298 0.244
B 8.0 1.879 1.776
10T 6.0 0.292 0.297 0.239 1.036
B 8.0 1.846 0.625 1.745 0.856
11T 6.0 0.254 0.293 0.208 1.051
B 8.0 1.893 0.644 1.789 0.893
12T 6.0 0.238 0.292 0.195 1.063
B 8.0 1.902 0.653 1.798 0.921
13T 6.0 0.234 0.290 0.192 1.047
B 8.0 1.872 0.647 1.769 0.922



















Peed conc.: pH=6 & pH=8 0.02% H &
Buffer conc.: 0.05M pH=6 solution, 
0.2M + 0.1M NaOl pH=
H = 16 cm.
D = 24 cc.
D6 = 10 cc.
D8 = 10 cc.
Q = 3 cc/min
VT = 10 cc.
VB = 10 cc.
DC = 24 cc.
Peed reading A4-0 5nm
pH=6 0.02% ^H&A 1.166













Run pH A403nm A595nra V YF V yf
1T 6.0 0.913 0.410 0.783 0.896
B 8.0 1.649 0.536 1.397 0.802
2T 6.0 0.693 0.594
B 8.0 1.561 1.486
3T 6.0 0.616 0.356 0.527 0.937
B 8.0 1.729 0.609 1.672 0.827
4T 6.0 0.402 0.386
B 8.0 1.761 1.667
5T 6.0 0.411 0.325 0.345 0.996B 8.0 1.791 0.651 1.698 0.971
6T 6.0 0.357 0.353B 8.0 1.801 1.727
7T 6.0 0.316 0.321 0.306 1.035
B 8.0 1.719 0.617 1.737 0.998
8T 6.0 0.307 0.271
B 8.0 1.772 1.658
9T 6.0 0.297 0.331 0.283 1.107
B 8.0 1.805 0.604 1.709 0.773
10T 6.0 0.293 0.255B 8.0 1.771 1.741
111 6.0 0.303 0.315 0.251 1.056B 8.0 1.813 0.598 1.708 0.749
12T 6.0 0.288 0.316 0.260 1.047
B 8.0 1.806 0.655 1.749 0.936
13T 6.0 0.298 0.307 0.247 1.026B 8.0 1.794 0.657 1.742 0.951
14T 6.0 0.301 0.327 0.256 1.098B 8.0 1.802 0.649 1.730 0.933
15T 6.0 0.305 0.318 0.262 1.055




















Peed conc.: pH-6 & pH=8 0.02% H & A .
Buffer conc.: 0.05 M pH=6 solution.
0.2M + 0.1M NaGl solution,
H = 16 cm.
B = 24 cc.
D6 = 10 cc.
B8 = 10 cc.
Q = 4 cc/min
= 10 cc.
VB = 10 cc.
BO _ 24 cc.
feed reading A,w3Bm
pH=6 0.02% H&A 1.22
pH=8 0.02% H&A 1.058
pH=6 0.04% H 0.482
pH=8 0.04% H 0.476
pH=6 0.04% A 0.461
pH=8 0.04% A 0.489
181'
Run pH A403nm A 595nm V yf V yf
IT 6.0 1.144 0.938
B 8.0 1.435 1.356
2T 6.0 0.823 0.383 0.675 0.956
B 8.0 1.616 0.599 1.527 0.965
3T 6.0 0.588 0.482
B 8.0 1.691 1.598
4T 6.0 0.514 0.339 0.421 1.302
B 8.0 1.644 0.586 1.554 0.882
5T 6.0 0.498 0.408
B 8.0 1.778 1.681
6T 6.0 0.466 0.319 0.382 0.983
B 8.0 1.758 0.600 1.662 0.835
7T 6.0 0.434 0.356
B 8.0 1.727 1.632
8T 6.0 0.412 0.286 0.338 0.887
B 8.0 1.743 0.617 1.643 0.921
9T 6.0 0.401 0.327
B 8.0 1.770 1.673
10T 6.0 0.386 0.315 0.316 1.035
B 8.0 1.780 0.643 1.682 0.995
11T 6.0 0.399 0.314 0.327 1.021B 8.0 1.781 0.605 1.683 0.836
12T 6.0 0.409 0.308 0.335 0.987B 8.0 1.785 0.613 1.687 0.864
13T 6.0 0.391 0.323 0.321 1.065B 8.0 1.782 0.617 1.684 0.882
14T 6.0 0.398 0.312 0.326 1.012B 8.0 1.788 0.628 1.690 0.928
15T 6.0 0.400 0.318 0.328 1.037




















Peed conc.: pH=6 & pH=8 0.02% H & A .
Buffer conc.: 0.05M pH=6 solution.
0.2M + 0.1M NaCl pH=8 solution.
H 3 16 cm.
I) = 10 cc.
D6 3 10 cc.
D8 = 30 cc.
Q = 1 .cc/min.
vT = 10 cc.
VB 3 10 cc.
DC 3 © cc.
Peed reading A403nm A595nm
pH=6 0.,02% H&A 1.17
►d a ii 03 0,.02% H&A 0.998
pH=6 0,,04% H 0.401
pH=8 0.,04% H 0.377
pH=6 0.,04% A 0.389
pH=8 0,,04% A 0.392
















































































































































Peed conc.: pH=6 & pH=8 0.02$ H & A .
Buffer conc.: 0.05M pH=6 solution.
0.2M + 0.1M NaCl solution.
H = 16 cm.
D = 10 cc.
D6 = 30 cc.
D8 = 10 cc .
Q = 1 cc/min
vT = 10 cc.
VB = 10 cc.
DC _ 0 cc.
Feed reading A4Q5nm
pH=6 0.02% H&A 1.192
pH=8 0.02% H&A 0.982
pH=6 0.04% H
pH=8 0.04% H 








Run pH A403nm A 595nm y e/ YF V YP
1T 6.9 0.991 0.831
B 8.0 1.093 1.113
2T 6.9 1.050 0.382 0.881 0.965
B 8.1 1.123 0.483 1.144 0.978
3T 6.8 1.004 0.842
B 8.2 1.118 1.139
4T 6.9 1.063 0.400 0.892 1.043
B 8.2 1.092 0.468 1.112 0.941
5T 6.8 1.081 0.907
B 7.9 1.075 1.095
6T 7.0 1.110 0.415 0.931 1.076
B 7.8 1.045 0.469 1.064 0.922
7T 6.9 1.135 0.952B 8.1 1.031 1.05
8T 6.8 1.054 0.393 0.884 1.015
B 8.1 1.021 0.441 1.039 0.895
9T 6.9 1.081 0.907B 8.1 1.007 1.025
10T 6.9 1.107 0.441 0.929 1.058
B 8.0 1.012 0.455 1.031 0.963
11T 6.9 1.132 0.423 0.950 1.096
B 8.1 1.013 0.447 1.032 0.927
12T 6.8 1.095 0.415 0.919 1.087
B. 8.0 1.015 0.442 1.034 0.905
13T 6.9 1.100 0.403 0.923 1.023B 8.1 1.008 0.448 1.026 0.937
14T 6.9 1.116 0.410 0.936 1.046B 8.1 1.004 0.453 1.022 0.986











1. 11  
1.086 
1.125 






Peed conc.: pH=6 & pH=8 0.02% H & A .
Buffer conc.: 0.05M pH=6 solution.
0.2M + 0.1M NaCl solution.
H = 16 cm
D a 10 cc
D6 = 30 cc
1)8 = 30 cc
Q a 1 cc
= 10 cc
VB a 10 cc
DC _ 0 cc
Feed reading A403nM A M5nm
pH=6 0.02% H&A 1.192
pH=8 0.02% H&A 0.982
pH=6 0.04% H 0.425
pH=8 0.04% H 0.446
pH=6 0.04% A 0.404
pH=8 0.04% A 0.467
187
Run pH A403nm A 595nm V YP V YP
1T 6.8 0.888 0.339 0.744 0.896
B 7.2 1.207 0.460 1,229 0.796
2T 7.1 0.793 0.664
B 7.4 1.256 1.279
3T 6.7 0.702 0.342 0.588 1.076
B 7.2 1.303 0.495 1.327 0.854
4T 6.8 0.669 0.56
B 7.3 1.197 1.219 1.219
5T 6.9 0.807 0.405 0.676 1.295
B 7.4 1.381 0.504 1.406 0.817
6T 6.8 0.783 0.657
B 7.35 1.181 1.203
7T 6.9 0.814 0.415 0.683 1.334
B 7.2 1.235 0.443 1.258 0.696
8T 6.7 0.772 0.648
B 7.35 1.273 1.296
9T 6.9 0.781 0.385 0.655 1.217
B 7.3 1.315 0.470 1.339 0.736
101 6.9 0.787 0.66
B 7.4 1.286 1.31
113? 6.9 0.793 0.363 0.665 1.098B 7.3 1.301 0.488 1.325 0.826
12T 6.9 0.801 0.376 0.672 1.156B 7.3 1.295 0.489 1.319 0.835
133! 6.9 0.797 0.368 0.669 1.207B 7.4 1 .291 0.483 1.315 0.814
14T 6.8 0.799 0.393 0.670 1.243B 7.3 1.298 0.484 1.322 0.809



















Peed conc.: pH=6 & pH=8 0.02 % H & A. 
Buffer conc.r 0.05 M pH=6 solution.
0.2M + 0.1M NaCl solution.
H = 16 cm.
D s 24 cc.
D6 = 10 cc.
D8 = 30 cc.
Q = 1 cc/min
vT = 10 cc.
VB = 10 cc.
DC _ 0 cc.
Peed reading A.n,__ A405nm 595nm
pH=6 0.02% H&A 1.171
pH=8 0.02% H&A 1.025
pH=6 0.04% H 0.401
pH*=8 0.04% H 0.392
pH=6 0.04% A 0.387
pH=8 0.04% A 0.41
189
Run pH A403nm A595nm V YF V YF
1 T 6.0 1.155 0.986
B 7.5 1.46 1.425
2T 6.1 1.083 0.925
B 7.6 1.35 1.317
3T 6.1 0.927 0.382 0.792 1.158
B 7.6 1.440 0.453 1.405 0.866
4T 6.0 0.836 0.714
B 7.5 1.57 1.532
5T 6.1 0.734 0.627
B 7.6 1.543 1.505
6T 6.15 0.581 0.345 0.496 1.274
B 7.5 1.498 0.433 1.462 0.712
7T 6.1 0.673 0.575B 7.5 1.452 1.617
8T 6.0 0.506 0.432
B 7.6 1.399 1.365
9T 6.1 0.446 0.328 0.381 1.306
B 7.7 1.393 0.415 1.359 0.725
10T 5.9 0.389 0.332B 7.6 1.399 1.359
11T 6.1 0.344 0.294
B 7.6 1.411 1.377
12T 6.0 0.283 0.293 0.242 1.266
B 7.7 1.42 0.432 1.385 0.785
13T 6.1 0.263 0.225B 7.6 1.43 1.398
14T 6.0 0.248 0.284 0.212 1.251B 7.6 1.345 0.421 1.312 0.801
15T 6.0 0.275 0.293 0.235 1.276




















Peed conc.: pH=6 & pH=8 0.02 % H & A. 
Buffer conc.: 0.05 M pH=6 solution.
0.2M + 0.1M NaCl solution.
H = 16 cm.
D = 24 cc.
D6 S 30 cc.
D8 = 10 cc.
Q = 1 cc/min
<
1-
3 = 10 cc.
t b = 10 cc.
BO — 0 cc.
Peed reading U o ^ i m  A595na
pH=6 0.02% H&A 1.166
pH=8 0.02% H&A 1.057
pH=6 0.04% H 0.502
pH=8 0.04% H 0.482
pH=6 0.04% A 0.478
pH=8 0.04% A 0.498
191
Run pH ^403nra A 595nm V YP V YP
1T 6.0 1.006 0.863
B 7.9 1.053 1.015
2T 6.1 0.927 0.795
B 7.7 1.134 1.176
3T 6.1 0.823 0.392 0.706 0.897
B 7.8 1.305 0.565 1.258 1.053
4T 6.2 0.817 . i 0.701
B 7.7 1.381 1.332
5T 6.1 0.808 0.693B 7.8 1.282 1.236
6T 6.2 0.801 0.408 0.687 0.986
B 7.6 1.335 0.568 1.287 1.037
7T 6.1 0.803 0.689
B 7.7 1 o 353 1.305
8T 6.0 0.772 0.662
B 7.9 1.385 1.336
9T 5.9 0.763 0.392 0.654 0.954B 8.0 1.366 0.592 1.317 1.103
10T 6.0 0.801 0.687
B 7.9 1.373 1.323
11T 6.1 0.806 0.961
B 7.8 1.364 1.315
12T 6.1 0.791 0.413 0.678 1.015
B 7.7 1.357 0.579 1.309 1.057
13T 6.2 0.799 0.405 0.685 0.974B 7.9 1.370 0.575 1.321 1.029
14T 6.1 0.809 0.397 0.694 0.932
B 7.9 1.365 0.570 1.315 1.108
15T 6.1 0.796 0.401 0.683 0.961
B 7.8 1.360 0.571 1.311 1.026
S.P.


















Peed conc.: pH=6 & pH=8 0,02 % H & A. 
Buffer conc.: 0.05 M pH=6 solution.
0.2M i 0.1M NaCl solution.
H ez 16 era.
D = 24 cc.
1)6 = 30 cc.
D8 s 30 cc.
Q s 1 cc/min
vT = 10 cc.
VB = 10 cc.
DC _ 0 cc.
Feed reading *403™. A595nm
pH=6 0.02% H&A 
pH=8 0.02% H&A 
pH=6 0.04% H 
pH=8 0.04% H 









Run , PH ^403nm ^595nm W YP V YP
1T 6.0 0.986 0.842
B 7.6 1.03 1.005
2T 6.5 0.706 0.339 0.603 1.125
B 7.7 1.289 0.428 1.258 0.879
3T 6.4 0.81 0.692
B 7.5 1.253 1.222
4T 6.8 0.776 0.333 0.663 1.036
B 7.6 1.262 0.450 1.231 1.021
5T 6.7 0.793 0.681
B 7.6 1.289 1.258
6T 6.6 0.794 0.324 0.678 0.874
B 7.6 1.311 0.485 1.279 1.141
7T 6.3 0.787 0.672
B 7.5 1.327 1.295
8T 6.5 0.793 0.352 0.681 1.111B 7.6 1.35 0.449 1.313 0.933
9T 6.6 0.795 0.639B 7.7 1.365 1.332
10T 6.6 0.790 0.386 0.675 1.293
B 7.6 1.361 0.408 1.328 0.721
11T 6.5 0.791 0.676B 7.6 1.35 1.313
12T 6.5 0.788 0.380 0.673 1.265
B 7.7 1.350 0.420 1.325 0.783
13® 6.6 0.797 0.384 0.681 1.273B 7.6 1.354 0.427 1.328 0.822
14® 6.6 0.790 0.384 0.681 1.283
B 7.6 1.357 0.422 1.324 0.793




















Peed conc.: pH=6 & pH=8 0.02% H & A .  
Buffer conc.: 0.05 M pH=6 solution.
0.2M + 0.1 M NaOl solution.
H 16 cm.
D = 40 cc.
1)6 s 10 cc.
D8 xs 30 cc.
Q a 1 cc/min
vT - 10 cc.
VB = 10 cc.
DC a 0 cc.
Feed reading A.n,__ A405nm 595nm
pH=6 0.02% H&A 1.217
pH=8 0.02% H&A 1.056
pH=6 0.04% H 0.427
pH=8 0.04% H 0.416
pH=6 0.04% A 0.408
pH=8 0.04% A 0.429
RUN pH A403nni A595nm
1T 6.1 1.201 0.422
B 8.0 0.777 0.357
2T 6.2 1.279
B 7.9 0.619
3T 6.1 1.425 0.478
B 8.1 0.719 0.321
4T 6.1 1.504B 8.0 0.660
5T 6.1 1.526 0.458B 8.2 0.747 0.357
6T 6.1 1.561
B 8.1 0.740
7T 6.1 1.550 0.473
B 7.9 0.735 0.362
8T 6.0 1.592
B 7.9 0.825
9T 6.1 1.656 0.487B 8.0 0.73 0.692
10T 6.1 1.653B 8.1 0.844
11T 6.1 1.650 0.501B 8.1 0.857 0.377
12T 6.2 1.656 0.512
B 8.1 0.86 0.361
13T 6.1 1.684 0.501B 8.1 0.853 0.381
14T 6.1 1.688 0.521
B 8.1 0.856 0.361








































Peed cone.: pH=6 & pH=8 0.02% H & A .
Buffer conc.: 0.05 M pH=6 solution.
0.2 M + 0.1 M NaCl solution,
H =: 16 cm.
D = 40 cm.
D6 = 30 cc.
D8 = 10 cc.
Q = 1 cc/rain
vT s 10 cc.
VB = 10 cc.
DC — 0 cc.
Peed reading A403nm 595nm
pH=6 0.02% H&A 1.217
pH=8 0.02% H&A 1.056
pH=6 0.04% H 0.427
pH=8 0.04% H 0.416
pH=6 0.04% A 0.408
pH=8 0.04% A 0.429
197
Run pH A403nm A595nm y h /y f V YP
1T 6.4 0.992 0.408 0.815 1.146
B 8.0 1.044 0.421 0.989 1.005
2T 6.5 1.139 0.936
B 8.1 0.966 0.915
3T 6.3 1.201 0.462 0.987 1.234
B 8.0 0.923 0.360 0.874 0.831
4T 6.4 1.212 0.996B 7.9 0.886 0.839
5T 6.4 1.393 0.504 1.145 1.275
B 8.0 0.861 0.436 0.815 0.778
6T 6.4 1.521 1.25
B 8.1 0.808 0.765
7T 6.5 1.466 0.494 1.205 1.161
B 8.0 0.778 0.346 0.737 0.897
8T 6.4 1.425 1.171
B 7.9 0.741 0.702
9T 6.4 1.402 0.473 1.152 1.112B 7.9 0.709 0.337 0.671 0.921
10T 6.5 1.345 1.105B 8.0 0.678 0.642
11T 6.4 1.369 0.458 1.125 1.066B 7.9 0.647 0.338 0.613 0.981
12T 6.4 1.382 0.454 1.135 1.035B 8.0 0.635 0.335 0.601 0.977
13T 6.4 1.381 0.471 1.135 1.123
B 8.0 0.626 0.423 0.601 0.935
14T 6.5 1.384 0.455 1.135 1.041
B 8.0 0.628 0.316 0.593 0.896
15T 6.5 1.384 0.454 1.136 1.039




















Peed conc.: pH=6 & pH=8 0,02% H & A.
Buffer conc.: 0.05 M pH=6 solution.
0.2 M + 0.1 M NaCl solution.
H = 16 cm.
D = 40 cc.
D6 = 30 cc.
D8 = 30 cc.
Q = 1 cc/min
= 10 cc.
VB = 10 cc.
DC _ 0 cc.
Peed reading A-An-z-nm A403nm 595nm
pH=6 0.02% H&A 1.19
pH=8 0,02% H&A 0.998
pH=6 0,04% H 0.415
pH=8 0,04% H 0.427
pH=6 0.04%-A 0.396
pH=8 0.049^ A 0.408
199
Run pH A403nm A595nm V Y* V yf
IT 6.8 1.029 0.380 0.863 1.012
B 7.3 0.823 0.298 0,825 1.087
2T 6.9 0.920 0.773B 7.4 0.793 0.795
3T 6.9 0.994 0.351 0.835 0.897B 7.4 0.779 0.395 0.781 1.121
4T 6.7 1.066 0.896
B 7.5 0.923 0.925
5T 7.0 1.104 0.404 0.928 1.069
B 7.4 0.795 0.368 0.797 0.970
6T 6.8 1.346 1.131
B 7.4 0.783 0.785
7T 6.9 1.386 0.488 1.165 1.246
B 7.3 0.772 0.333 0.774 0.821
8T 6.8 1.442 1.212
B 7.3 0.779 0.787
9T 7.0 1.412 0.509 1.187 1.325
B 7.3 0.791 0.321 0.793 0.773
10T 6.9 1.423 1.196B 7.4 0.783 0.785
11T 6.9 1.436 0.507 1.207 1.298B 7.3 0.779 0.326 0.781 0.782
12T 6.8 1.438 0.5 1.208 1.263
B 7.3 0.781 0.335 0.783 0.824
13T 6.9 1.443 0.505 1.213 1.279B 7.3 0.785 0.332 0.787 0.806
14T 6.8 1.435 0.505 1.206 1.285


















•- -Run No. 30 was a cyclic zone experiment to test 
the velocity difference between the pH wave and the 
concentration wave. Initially, the column was filled 
with pH=8 buffer. The low(pH=6) and high pH(pH=8) 
feeds are introduced to the top of the column, 
alternately, for the period of 24 minutes. Product 
samples were collected from the bottom of the column 
in 4 minutes interval.
Parameters:
Peed conc.: pH=6 and pH=8 0.02% H & A  solutions. 
Buffer conc.: 0.05M pH=6 solution.
0.2M + 0.1M NaCl pH=8 solution.
H = 16 cm.
Q = 1  cc/min.
€ = 0-75
V.
Peed reading  A4031m
pH=6 0.02% H&A 1.24





pH ... A403nm V YP
4 8.0 0 0
8 8.0 0 0
12 8.0 0 0
16 8.0 0 0
20 8.0 0 0
24 8.0 0 0
28 6.0 0.449 0.362
32 6.05 0.515 0.415
36 6.05 0.598 0.492
40 6.1 0.62 0. 500
44 6.15 0.717 0.578
48 6.2 1.27 1.024
52 7.0 3.908 3.434
56 7.9 1.106 1.068
60 7.95 0.918 0.886
64 7.95 0.785 0.758
68 8.0 0.769 0.742
72 8.0 0.630 JO. 608
76 7.85 0.402 0.388
80 6.9 0.355 0.312
84 6.1 0.387 0.312
88 6.05 0.419 0.338
92 6.0 0.486 0.392
96 6.05 0.498 0.402
202




■pH A403nm y h /y f
100 6.1 0.774 0.624
104 6. 5 1.495 1.246
108 6.9 7.963 3.482
112 7.9 1.247 1.204
116 7.95 0.957 0.-924
120 8.0 0.856 0.826
124 7.95 0.769 0.742
128 7.9 0.622 0.600
132 7.9 0.416 0.402
136 6.85 0.391 0.344
140 6.15 0.442 0.368
203
RUN NO. 31
Run No. 31 was a 'break-through experiment to 
determine the effects of pH=8 feed solution on 
separation. Initially, the column was filled with 
high pH(pH=8) buffer. At t=0, the pH=8 feed solution 
was introduced to the top of the column, the product 
samples were taken out from the bottom of the column 
until a steady state value is reached.
Parameters:
Peed conc.: pH=8 0.02% H&A solution.
Buffer conc: 0.2M + 0.1M NaOl pH=8 solution.
H = 16 cm.









































Selection of the number of intervals is vary 
important for the computation. If the total number of 
intervals were too many, a lot of computing time is 
needed. However, if the total number of intervals are 
small, system will be unstable in the iteration 
procedures. Although there are several theoreetal 
methods to determine the stability of the system, it 
is relatively easy to use the trial an error method 
to find the optimum conditions.
First, the column is devided into NZ increaaents 
and each increament is also devided into NRK time 
increaments. Next, the system stability is studied 
by varying the time interval NRK. We found that the 
minimum number of NRK required to reach stability is 






When the "K is greater than 6.3» the system is in 




































































Figure 48 Effect of *Xon NRK
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NOMENCLATURE
2column surface area, cm
upflow and downflow displacement, cc
volume of circulation fluid, cc
time per cell, minute
volume of top feed or product, cc




equilibrium constant at pH=6




number of cells or increments 
high pH level 
low pH level
bottom product concentration/ top product 
concentration.
reservoir displacement rate, cc/min 
duration of downflow, minute 
duration of circulation, minute 
duration of bottom feed, minute 
duration of upflow, minute 
duration of circulation, minute
duration of top feed, minute
volume of fluid phase per increment, cc
volume of solid phase per increment, cc
"bottom reservoir dead volume, cc
top reservoir dead volume, cc
column void volume
concentration of solute in the solid phase 
Kg moles/cc.
concentration of solute in the fluid phase 
Kg moles/cc.
equilibrium concentration in the fluid 
phase, Kg moles/cc.
concentration of solute in the feed,
Kg moles/cc.
concentration of solute in the low pH(pH=6) 
feed, Kg moles/cc.
concentration of solute in the high pH(pH 
=8) feed, Kg moles/cc.
average concentration of solute in the 
bottom reservoir at n th cycle,
Kg moles/cc.
average concentration of solute in the top 
reservoir at n th cycle, Kg moles/cc. 
steady atate concentration of solute in 
the top reservoir, Kg moles/cc.
230
(Y,j,) steady state eoncentration of solute in the
top reservoir, Kg moles/cc.
(Y,,,,) average concentration of solute in the
iJJr n
bottom product at the end of n th cycle,
Kg moles/cc.
(YTp)n average concentration of solute in the
top product at the end of n th cycle,
Kg moles/cc.
(Ypp)^ steady state concentration of solute in
the bottom product, Kg moles/cc.
(Y^p)^ steady state concentration of solute in
top product, Kg moles/cc.
Z axial distance along packed bed.
Greek
ol reservoir displacement/column void volume
X  mass transfer coefficient,
1/minute
€ void fraction in packing.
jQ axial mass diffusivity
yj axial heat diffusivity
particle heat capacity/fluid heat capacity 
7f interphase heat transfer rate constant
A  viscosity
fluid phase temperature
solid phase temperature 
density
